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Abstract: 
All organisms require energy for critical life processes, starting from the unicellular 
prokaryotes to the multicellular and highly complex eukaryotes and they largely derive this as a 
byproduct of respiration. Bacteria are known for their branched and highly modular aerobic and 
anaerobic respiratory chains. The branching refers to the presence of multiple respiratory 
enzymes that provide electrons to the electron transport chain as well as multiple enzymes that 
provide electrons to different terminal electron acceptors. The type II NADH dehydrogenases 
(NDH-2s) represent one such alternative enzyme. They are membrane-associated enzymes that 
oxidize NADH and reduce quinone, similar to the canonical Complex I in mitochondria. 
However unlike the Complex I they do not contribute to energy conservation. The first part of 
this thesis focuses on the two types of NDH-2s in Thermus thermophilus that are expressed 
under different growth conditions. One NDH-2 had been isolated previously from the obligate 
aerobic strain of T. thermophilus, HB27.  The gene considered most likely to encode this enzyme 
was identified and cloned, and the enzyme was isolated and characterized. A different NDH-2 
was isolated from the NAR1 strain of T. thermophilus that can be grown anaerobically and 
catalyze denitrification.  Interestingly, in this strain the putative NDH-2 encoded by a gene 
(nrcN) that is part of an operon (nrcDEFN). The operon is proposed to encode for a protein 
complex specifically required for nitrate reduction. The NrcN was shown to function 
independently of the other components of the putative Nrc complex. The biochemical properties 
of the two NDH-2 enzymes were compared.  
Another level of variation within electron transport chains is at the level of the quinone: 
cytochrome c oxidoreductase.  In many prokaryotes and in all eukaryotes, this reaction is 
catalyzed by the bc1 complex, also known as Complex III. An alternative enzyme called 
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“alternative complex III” or ACIII is also found to be widely distributed in the bacterial 
kingdom. This complex has only been isolated from two thermophilic bacteria so far. The second 
part of this thesis focuses on the ACIII from Flavobacterium johnsoniae. The genome of this 
organism encodes two cytochrome c oxidases but does not have the genes for the bc1 complex. 
The essential reaction normally carried out by the bc1 complex is, instead, catalyzed by the 
ACIII. It’s not known if the ACIII is capable coupling its reaction to the generation of a proton 
motive force. To qualitatively test for the generation of a proton motive force by the ACIII, 
lipophilic fluorescent dyes that respond to changes in either the pH gradient or the potential 
gradient across the membranes were used with spheroplasts and membrane vesicles of F. 
johnsoniae. Our preliminary experiments with both the membrane vesicles and spheroplasts 
show no evidence of contribution to the proton motive force by the ACIII. An attempt was made 
to isolate the ACIII from the membranes of Flavobacterium johnsoniae, but it was instead found 
to co-purify with the aa3 oxidase as a stable supercomplex. This supercomplex was characterized 
and its components were identified. The supercomplex was initially isolated in the detergent, 
dodecyl maltoside (DDM), but did not have a homogenous population. Therefore, efforts were 
made to isolate the supercomplex in a detergent - free manner using the styrene maleic acid 
(SMA) copolymer.  The preparation of the supercomplex in the SMA had a more homogenous 
population, which would be suitable for use in structural studies. 
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CHAPTER 1: INTRODUCTION 
1.1 Overview of respiration 
Respiration is a fundamental life process that takes place in cells of prokaryotes and in 
the mitochondria of eukaryotes. In mitochondria, the process takes place in the inner 
mitochondrial membrane while in prokaryotes it happens at the cytoplasmic membrane. Along 
with the generation of a usable form of energy, namely Adenosine 5ʹ-triphosphate (ATP), 
respiration ensures the regeneration of oxidized substrates for upstream processes like glycolysis 
and the tricarboxylic acid (TCA) cycle. The respiratory chain is made of membrane bound or 
membrane associated proteins that carry out redox reactions that maybe coupled to proton 
transfer across the membranes, creating an electrochemical gradient also known as the proton 
motive force (Δp). The energy stored in this gradient is utilized by the ATP synthase to make 
ATP from ADP, a process known as oxidative phosphorylation. The major components of the 
respiratory chain include NADH dehydrogenase (Complex I), succinate dehydrogenase 
(Complex II), a quinone- cytochrome c oxidoreductase (Complex III) and a terminal oxidase 
(Complex IV). These enzymes in most cases are multi-subunit complexes (except the type II 
NADH dehydrogenase). More recently it has been observed that these complexes can exist in the 
membranes as part of a larger association known as supercomplex [1, 2]. Supercomplexes are 
formed when two or more individual respiratory complexes come together. The physiological 
significance of supercomplexes still needs to be determined but, the most popular hypothesis is 
that of substrate channeling which means substrates can be transported between different 
complexes in a direct and efficient manner without diffusing out into the surrounding [3]. 
Supercomplexes have been observed in both eukaryotes and prokaryotes [1, 4].  
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1.1.1 Branch points and homologous proteins in the bacterial electron transport chain  
 The respiratory chains in eukaryotes and prokaryotes are essentially similar in function, 
with a few crucial differences. The proteins that are part of the eukaryotic chain are made of a lot 
more subunits than their prokaryotic counterparts [5]. The second point of difference is the 
presence of branch points in the prokaryotic respiratory chains. Bacteria have a remarkable 
ability to survive in different environments. This can, atleast in part, be attributed to their 
versatile respiratory chain which can have multiple branched pathways [6].  This primarily stems 
from their ability to use different electron donors and acceptors. Bacteria frequently have 
enzymes that i) carry out the same reaction but are structurally different eg. the different types of 
NADH dehydrogenases [7] or ii) carry out the same reaction but are expressed in different 
conditions. eg. bo3 oxidase and bd oxidase from Escherichia coli are expressed under high 
oxygen conditions and low oxygen conditions respectively [8].  The presence of such alternatives 
in the bacterial respiratory chain makes them robust and adaptable to changes in environmental 
conditions.  
 This thesis focuses on two such alternative proteins that occur in bacteria. The first 
enzyme is known as the type II NADH dehydrogenase and the second is the alternative complex 
III.  
1.2 NADH dehydrogenases 
NADH is a by-product of cellular processes like glycolysis and the tricarboxylic acid 
(TCA) cycle that take place in the mitochondrial matrix or the bacterial cytoplasm. It is 
transported to the inner membrane to transfer electrons into the respiratory chain in the 
membrane. The electrons from the NADH are eventually passed through the quinones to a 
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terminal electron acceptor like oxygen, in case of aerobic organisms. The NADH 
dehydrogenases oxidize the NADH and reduce quinones, thus catalyzing the first step of the 
electron transport in the respiratory chain. The NADH dehydrogenases are of three types 
(Figure1.1). 
1.2.1. Type I NADH dehydrogenase (Complex I) 
 The canonical complex I or type I NADH dehydrogenase is a membrane bound enzyme 
found in mammalian mitochondria, most other eukaryotes as well as in bacteria. In the 
mammalian mitochondria it has close to 46 subunits while the in bacteria, it has around 14 
subunits [5, 9]. There are a number of cofactors associated with the enzyme including a flavin 
mononucleotide (FMN), which is the primary electron acceptor from NADH and seven 
conserved  [Fe-S] clusters that complete the transfer of electrons to the quinone in the membrane 
[10]. The enzyme is L-shaped with the horizontal arm forming the membrane domain and the 
vertical arm extending out into the cytoplasm as the hydrophilic domain.  The cofactors are all 
found in the hydrophilic domain. The complex I is a proton pump which can use the free energy 
from its reaction to drive protons across the membrane to generate a charge gradient that 
conserves that energy as the proton motive force. The exact mechanism how this happens is 
unknown though there are hypotheses suggesting the rearrangement of helices in the membrane 
domain allow for the protons to move across [11].  
1.2.2 Na+ H+ quinone reductase (Nqr) 
 The Na+ pumping NADH:quinone oxidoreductase (Nqr) is a membrane bound enzyme 
found exclusively in bacteria and in a majority of pathogens [12]. The Nqr also oxidizes NADH 
and reduces quinone but pumps Na+ instead of H+ across the membrane. It therefore gives rise to 
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a ‘sodium motive force’. The Nqr functionally replaces the complex I as the energy providing 
NADH dehydrogenase in organisms found in environments with high salinity [12]. It is found as 
the sole NADH dehydrogenase in organisms like Vibrio cholerae, Haemophilus influenza and 
Porphyromonas gingivalis [13] while in some others its found along with the complex I and 
another type of NADH dehydrogenase called the NDH-2 eg. Pseudomonas aeruginosa and 
Yersinia pestis [14]. The enzyme is made of six subunits and five redox cofactors including an 
FAD, a 2Fe-2S center, two covalently bound FMN molecules and a riboflavin [12].   
1.2.3. Type II NADH dehydrogenase (NDH-2) 
 The type II NADH dehydrogenase or NDH-2 is found in bacteria, plants and in yeast [7]. 
The NDH-2 is unlike the other two NADH dehydrogenases in that it is a membrane-associated 
protein. Thus, though the NDH-2 carries out NADH oxidation and quinone reduction, it is not 
electrogenic [7].  It was been observed that the NDH-2 is the only NADH dehydrogenase in 
some pathogens like Staphylococcus aureus and Mycobacterium tuberculosis [15, 16].In addition, 
the NDH-2 is absent in mammals which makes it an ideal drug target. There are a number of 
studies on potential inhibitors for these enzymes [15, 16]. Recently, it was shown that the human 
apoptosis-inducing factor behaves like an NDH-2 [17]. It will be interesting to see if it can 
compete with the bacterial NDH-2s for the candidate drugs. In addition, it has been shown that 
the NDH-2 can been used to treat complex I deficiency in cell lines [18]. Its been seen that 
structural and functional deficiencies in complex I could lead to diseases like Parkinson’s, and 
the use of NDH-2 in molecular therapy has been discussed [18]. 
 The NDH-2s are monotopic proteins which are around 50kDa in size [19].  The enzyme 
has a single FAD cofactor. Although the NDH-2s carry out the same reaction as the complex I, 
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they are rotenone insensitive and this is usually used to differentiate between the activities of the 
two enzymes in membranes that consist of both complex I and the NDH-2 [20]. The encoding 
gene is recognized by the presence of two dinucleotide binding GXGXXG motifs [21]. One of 
these is for binding the NADH and the other for binding the FAD [20]. Based on a 
comprehensive amino acid sequence analysis, these enzymes were classified into three groups. 
Group A consists of enzymes that have both the dinucleotide binding motifs and belong to 
archaea, bacteria and eukaryotes. The enzymes in group B have the two dinucleotide binding 
sites and a conserved EF-hand fold and are found exclusively in eukaryotes, namely fungi and 
plants [20, 22, 23]. Group C enzymes consist of only one dinucleotide binding site and a 
conserved histidine residue that is suggested to be involved in binding of the flavin. However, it 
has been seen that in case of Acidianus ambivalens this enzyme is infact a flavin bound 
sulfide:quinone oxidoreductase (SOR) [24]. The SQRs are recognized by the nucleotide binding 
motif just like the NDH-2s and conserved cysteines in their sequence [25, 26]. This has often led 
to the misannotation of the SQRs as  group C NDH-2s [27].  
 Apart from the two conserved dinucleotide binding motifs, the NDH-2s also have 
conserved C terminal amphipathic helices [20, 28]. Also, based on structural studies it is now 
known that the NDH-2s are homodimers [29]. While the C-terminal helices are involved in the 
oligomerization of the yeast NDH-2 (Ndi) [28] , they do not seem to have the same function in 
bacterial NDH-2s [29].  However, in both cases, the C-terminal domain is involved in membrane 
association [28, 30]. In bacteria the C-terminal domain is required for localization of the NDH-2 
to the cytoplasmic side of the membrane [29].  
1.3 The NDH-2s from Thermus thermophilus 
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Thermus thermophilus is a thermophilic, gram negative bacteria isolated from a thermal 
spa in Japan [31]. The organism grows at high temperatures with optimal growth at 75-80°C. 
Most strains of the T.thermophilus are aerobic eg. HB27 and HB-8. The aerobic respiratory chain 
of T.thermophilus is fairly well characterized and has all the enzymes typically seen in the 
mitochondrial respiratory chain including : a 14 subunit complex I, a four-subunit bc1 complex 
and two terminal cytochrome oxidases (caa 3 and ba3) [9, 32, 33]. The membranes of the 
organism has menaquinone-8 as its native quinone. In 1988, Yagi et al. had observed 
NADH:quinone oxidoreductase activity in a protein from T.thermophilus which was not 
sensitive to inhibition by rotenone, a complex I inhibitor [34]. This behavior is similar to that of 
the type II NADH dehydrogenases[20]. However the gene encoding this enzyme was not 
identified.  
 There are also a few strains of T.thermophilus that are capable of anaerobic growth on 
nitrate eg. NAR1 and PRQ-25 [35]. It was seen that this is an ability that comes from the 
presence of a conjugative element called the nitrate respiration conjugative element (NCE) that 
was acquired by horizontal transfer [36].  This NCE has a narCGHI operon, which encodes for a 
nitrate reductase [37]. The putative nitrate reductase would receive electrons from reduced 
menaquinone in the membranes. It has also been observed that the NCE has a cluster of genes 
upstream of those for the nitrate reductase called the nrcDEFN operon [38]. Both the nrc and nar 
operons are induced when the organism grows in the presence of nitrate [37, 38]. The four genes 
in this operon each encodes for redox proteins since all of them have cofactor binding motifs 
[38]. The subunits NrcD and NrcF are both [Fe-S] containing proteins [38]. The NrcE encodes 
for a membrane bound subunit. The last gene NrcN encodes for a putative NDH-2 based on the 
presence of two dinucleotide binding GXGXXG motifs and two C terminal amphipathic helices 
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[38]. Based on a proposed model, the NrcDEFN complex binds to the membrane through NrcE 
which also has the menaquinone binding site [38]. It was also proposed that the complex would 
thus, behave as an NADH:menaquinone oxidoreductase using all four subunits for its function. 
This indicated a novel form of the NADH:quinone reductases since the NDH-2s have always 
been observed to function as a single protein [20].   
Thus, there is evidence for two different types of NDH-2s being expressed in T.thermophilus 
under different growth conditions. The first half of this thesis focuses on both these NDH-2s 
from T.thermophilus and discusses their biochemical characterization. 
1.4.  The Alternative complex III 
 The presence of alternative enzymes to carry out the same redox reactions in bacteria is 
well studied phenomenon. However, until the late 1990s, the bc1 complex or the canonical 
complex III and its homologues (b6f and bcc) were the only enzymes known to have 
quinol:cytochrome c oxidoreductase [39]. Pereira et al. reported that despite the absence of genes 
for the bc1 complex, the membranes of the thermohalophile Rhodothermus marinus showed 
quinol:cytochrome c oxidoreductase activity [40]. They isolated the complex responsible for this 
activity and called it the alternative complex III (ACIII) (Figure 1.2). The genes for this complex 
were later identified and named the act genes going from A-G [41, 42]. The genes for this 
complex were also identified in the thermophilic phototroph Chloroflexus aurantiacus [39] 
(Figure 1.3). The ACIII from this organism was also isolated from the native membranes and 
characterized [43]. It was seen that both complexes were very similar in structural features and in 
function [42, 43].  
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 The ACIII from both organisms is a 7 subunit complex. Each of the genes from the 
actABCDEFG operon encodes for a subunit of the ACIII. There are four membrane bound 
subunits and three periplasmic subunits. The ActA is a multiheme cytochrome subunit with a 
single transmembrane helix. The Act B is a periplasmic iron sulfur cluster protein with binding 
motifs for one [3Fe-4S] and three [4Fe-4S] clusters [41, 43]. The ActC and ActF both have ten 
transmembrane helices each with the quinone binding site on ActC. The ActD and the ActG are 
also transmembrane proteins with two transmembrane helices and one transmembrane helix 
respectively. The ActE is a monoheme cytochrome found in the periplasmic side.  
 The ACIII represents a novel combination of modules previously seen in respiratory 
complexes [44]. The ActB and the ActC subunits are similar to subunits of enzymes that belong 
to the Complex Iron sulfur Molybdoenzyme (CISM) family. The enzymes of this family have a 
basal unit of an iron sulfur cluster protein, the catalytic subunit with a molybdo-bis(pyranopterin 
guanine dinucleotide) (Mo-bisPGD) and a membrane bound subunit with a quinone binding site 
[45]. The ActB has similarities with both the catalytic subunit and the iron sulfur cluster protein 
but lacks the molybdopterin cofactor [44]. None of the other subunits from the ACIII share 
homology with known respiratory proteins. The genes for the ACIII are widespread in the 
bacterial kingdom [44]. They maybe found in genomes that lack the bc1 complex and require a 
quinol:cytochrome c oxidoreductase  but in a few cases, also co-exist with genes for the classical 
complex III. The genes of the ACIII are almost always followed immediately by those for a 
cytochrome c oxidase from the heme copper oxidase superfamily [44, 46]. This cytochrome c 
oxidase receives electrons from the ACIII for its reaction [42]. In case of  R.marinus the ACIII 
and the caa3 oxidase occur as a weak supercomplex which falls apart on a chelating sepharose 
column [42].   
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 The ACIIIs isolated so far are both structurally and functionally similar, however their 
physiological electron acceptors were different. Incase of R.marinus it was seen that the ACIII 
directly passes electrons onto the terminal caa3 oxidase whose genes are downstream to the 
ACIII genes [42]. The ACIII from C.aurantiacus passes the electrons onto a blue copper protein 
called auracyanin which under photosynthetic conditions reduces the oxidized reaction center 
and under respiratory conditions passes electrons to the terminal oxidase [47]. While it is known 
that the ACIII carries out the same reaction as the bc1 complex, the mechanism of the reaction is 
unknown. The bc1 complex is a 3 subunit complex that carries out a Q-cycle to oxidize the quinol 
from them membranes [48, 49]. When the quinol molecule binds to the cytochrome b subunit, 
the electron transfer pathway bifurcates with one electron going to the periplasmic Rieske iron 
sulfur cluster protein, the cytochrome c1 eventually going to a soluble electron carrier that takes it 
to the terminal reductase. The second electron goes through the cytochrome b subunit to a second 
quinone binding site where a quinone molecule gets reduced [50]. The protons from the quinol 
molecule has transferred into the periplasm and simultaneously protons are picked up from the 
cytoplasm to reduce the quinone in the second binding site. The whole cycle is repeated twice to 
get a completely reduced quinone molecule at the second quinone binding site. The entire 
electron transfer process s combined with the creation of a proton gradient across the membrane. 
Thus, the Q-cycle is able to contribute to the proton motive force. It is evident that for the Q-
cycle to take place there has to be membrane bound cofactors in the protein. Since the ACIII has 
no membrane bound cofactors, the mechanism of reaction must be different from what is 
observed in the bc1 complex. The ACIIIs show a number of conserved polar residues in their 
ActC subunit which could potentially transfer protons across the membrane, in manner similar to 
complex I, also known as a proton pump. In this case the catalytic reaction is not involved in the 
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transfer of protons across the membrane [51]. There is already evidence for a member of the 
CISM family, the polysulfide reductase, having a putative proton channel [52]. There is separate 
evidence of this protein being capable of generating a proton motive force [53]. It will be 
interesting to see if and how the ACIII can contribute to the proton motive force.  
1.4 The respiratory chain of Flavobacterium johnsoniae 
Flavobacterium johnsoniae is a marine bacterium that belongs to the phyla Bacteroidetes. 
This bacteria has been widely studied for its rapid motility without the aid of flagella or pili. This 
process is called gliding motility and is seen in other members of Bacteroidetes as well [54]. In 
addition, the organism is also known for its ability to digest chitin [55].  Chitin is one of the most 
abundant biomolecules on earth and determining the mechanism of its digestion has 
biotechnological and environmental implications [56]. It was seen that both these processes are 
dependent on the type IX secretion system in this organism,that delivers proteins across the outer 
membrane [57].  This is different from the other secretion systems described in gram negative 
bacteria [55]. Thus, F.johnsoniae serves as a model system for studying some unique 
characteristics of members from Bacteroidetes phyla. To help study these proteins, techniques 
are being developed to make genetic manipulations in this bacteria [58, 59].  
The respiratory chain of F.johnsoniae has not been studied previously. Since the genome 
of this organism has already been sequenced, its possible to identify the respiratory components 
[60]. The respiratory system of  F.johsoniae has been discussed in chapter 4. Importantly the 
genome has genes for the ACIII. Rhodothermus marinus from which this complex has been 
previously isolated also belongs to Bacteroidetes [40].  In comparison to the systems in which 
the ACIII has been previously studied, the F.johnsoniae is a mesophilic organism with an 
optimum growth at a 30°C[59] and grows easily at very high densities. In addition, genetic tools 
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are already being developed for this organism. Thus, F.johnsoniae is a promising system to study 
the ACIII. 
1.5 Scope of this thesis 
This thesis covers four chapters detailing studies on the NDH-2s from Thermus 
thermophilus and the alternative complex III and its supercomplex from Flavobacterium 
johnsoniae.  
In Chapter 2 the gene encoding the NDH-2 from Thermus thermophilus under aerobic 
conditions was identified. The gene was cloned and the recombinant protein was expressed. The 
enzyme was then characterized and its kinetic parameters were determined. 
In Chapter 3 the NDH-2 expressed under anaerobic conditions (NrcN) in Thermus 
thermophilus was cloned,expressed and isolated. The protein was isolated by itself without the 
other components of the putative Nrc complex even though all the genes in the operon were 
cloned together. The NrcN was found to function just like the other NDH-2s hat have been 
studied and does require the remaining subunits of the complex for its function. 
In Chapter 4 the native membranes of F.johnsoniae were isolated and the aerobic 
respiratory components were identified. To determine if the ACIII reaction was coupled to 
energy conservation membrane vesicles and spheroplasts of the organism were used in 
fluorescence based assays.  
In Chapter 5 the ACIII from F.johnsoniae was isolated as part of a supercomplex with the 
terminal aa3 oxidase. The supercomplex was biochemically characterized. In addition, to obtain a 
sample that would be suitable for structural studies, the supercomplex was also isolated using the 
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styrene maleic acid (SMA) copolymer. This gave a very stable and homogenous preparation of 
the supercomplex.   
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Figure 1.1. The three types of NADH dehydrogenases. (A) The complex I (B) Na+ quinone 
oxidoreductase (C) Type II NADH dehydrogenase (NDH-2) 
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Figure 1.2. The ACIII from Rhodothermus marinus which passes electrons onto the 
terminal cytochrome oxidase caa3. 
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Figure 1.3. The ACIII from Chloroflexus aurantiacus passes electrons to auracyanin that 
takes then to the reaction center or the terminal oxidase depending on the growth 
conditions. 
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 CHAPTER 2: ISOLATION AND CHARACTERIZATION OF THE AEROBIC NDH-2 
FROM THERMUS THERMOPHILUS 
2.1 Introduction 
Thermus thermophilus is an aerobic thermophile and has a highly branched respiratory 
chain (Fig.2.1). Many components of its respiratory chain have been isolated and 
characterized[1-3]. The aerobic respiratory chain starts with the NADH dehydrogenases and 
succinate dehydrogenase transferring electrons to menaquinone in the membranes. The reduced 
menaquinone eventually transfers them to the bc1 complex through which they are finally used to 
reduce oxygen to water by the terminal oxidases (caa3 and ba3). 
There is evidence for two types of NADH dehydrogenases in T.thermophilus- the 
complex I[2] and NDH-2[4]. The NDH-2 is present in bacteria and certain plant, fungal and 
protozoan mitochondria [5-8]. Unlike the multi-subunit complex I, which has transmembrane 
subunits, the NDH-2 is a monotopic protein and hence cannot contribute to the proton motive 
force  [9]. Its primary role therefore, seems to be the maintenance of the NAD+/NADH ratio in 
the cells and a higher metabolic flux, as it is not impeded by the proton motive force [9, 10]. It 
has also been noted that during energy rich conditions it is preferably expressed in relation to the 
complex I[11].  The NDH-2 is a single polypeptide with an FAD cofactor [12].  The genes for 
NDH-2s are recognized by the presence of two nucleotide binding GXGXXG motifs for binding 
the NADH and the FAD cofactor [12].  
In the work by Yagi et al. a protein with rotenone insensitive NADH dehydrogenase 
activity was isolated from T.thermophilus and characterized [4]. However the gene encoding that 
protein had not been identified. When grown aerobically, all T. thermophilus strains can express 
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both Complex I [13, 14] as well as an NDH-2. The sequence shows three candidate genes, which 
could encode for an NDH-2. In this work, we identify the gene encoding the aerobic NDH-2 
(TTC1484) and express recombinant forms of this protein (Venkatakrishnan et al. 2013) [15]. 
The protein was characterized and found to have activity similar to what was observed by Yagi 
et al [4]. 
2.2 Materials and methods 
2.2.1 Sequence analysis.   
Sequences encoding the NDH-2s were retrieved from the National Center for 
Biotechnology Information (NCBI) database.  The sequences were aligned using MUSCLE [16].  
Conserved residues were identiﬁed with BIOEDIT.  The C-terminal amphipathic helices were 
predicted using PSIPRED (v3.0) [17].	
2.2.2 Construction of expression plasmids.   
T. thermophilus strains and DNA were kindly provided by Dr. J. Berenguer (Univ. of 
Madrid). The gene encoding NDH-2A (TTC1484) from T. thermophilus HB27 strain was cloned 
into pET22b (Apr, Novagen) and into the shuttle vector pMKPbcbgaA (Kmr), also kindly 
provided by Dr. J. Berenguer (University of Madrid).  To facilitate purification, an 8His-tag was 
introduced either in the N- or C-terminal of the ndhA gene.  The final constructions in 
pMKPbcbgaA were transformed into T. thermophilus HB27 for homologous expression. For 
heterologous expression, the constructions in pET22b were transformed into E. coli C43 (DE3) 
strain (Avidis, France), also containing pRARE for expression of rare codons (Cmr, Novagen).  
2.2.3 Cell growth, enzyme expression and purification.  
 T. thermophilus HB27 was grown in 1 liter of culture medium in a 2-liter ﬂask using rich 
medium (TB: 8 g/liter yeast extract, 6 g/liter tryptone, 3 g/liter NaCl, 3 ml glycerol, pH 7.4) with 
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30 µg/ml kanamycin, at 60°C, for 16 h in an incubator shaker (ﬁnal optical density at 600 nm 
[OD600 ] ~ 1.4). E. coli C43 was grown in LB medium plus 100 µg/ml ampicillin and 20 µg/ml 
chloramphenicol, at 37°C and gene expression was induced by the addition of 1 mM IPTG 
(isopropyl-D-thiogalactoside) when cells reached an OD600 ~ 0.7.  All the purification procedures 
were carried out at 0-4º C. Cells were harvested and resuspended in buffer A (50 mM sodium 
phosphate, pH 7.5, 300 mM NaCl) with 5 mM MgSO4, DNAse I and a protease inhibitor cocktail 
(Sigma).  They were then disrupted by passing twice through a microfluidizer at a pressure of 
80,000 psi.  Cell extract was centrifuged at 14,000 x g for 10 min to remove the unbroken cells.  
Membranes were obtained after centrifugation at 230,000 x g for 4 h.  Pellets were resuspended 
in buffer A plus the protease inhibitor cocktail, and then solubilized by the addition of a stock 
solution of 20% DDM (dodecyl-β-D-maltoside) dropwise to a final concentration of 1%. The 
solution was incubated at 4º C for 2 h with mild agitation. The suspension was cleared by 
centrifugation at 230,000 x g for 1 h.  The supernatant was added to 5 ml Ni-NTA resin (Qiagen) 
pre-equilibrated with buffer A plus 0.05% DDM and 10 mM imidazole.  The protein bound to 
the resin was washed with buffer A plus 0.05% DDM and 40 mM imidazole and then eluted with 
buffer A with 0.05% DDM and 200 mM imidazole.  Fractions were concentrated by filtration, 
and then the imidazole was removed by dialysis against buffer A plus 0.05% DDM.  The purified 
protein could be stored frozen at -80ºC after the addition of glycerol to a final concentration of 
10%. 
2.2.4 Analytical methods.   
The protein purity was evaluated by SDS-PAGE using a 4-20 % gradient gel (Nusep).  
Protein concentration was determined using the BCA kit (Thermo Scientific, Pierce Protein 
Research Products).  The FAD content of the pure protein was determined spectroscopically with 
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an Agilent Technologies spectrophotometer (model 8453), using an extinction coefficient of 11.3 
cm-1 mM-1 for the free oxidized flavin at 450 nm [18], after extraction from the protein by 
treatment of the sample with 5 % trichloroacetic acid [19].  
2.2.5 Enzyme activity assays.   
NADH dehydrogenase activity was measured at 60º C.  The 200 µl reaction mixture 
contained 50 mM sodium phosphate buffer, pH 7.5, 300 mM NaCl, 0.05% DDM, 30 µM FAD, 
10-200 µM menadione (Sigma) and 5-7 µg of the puriﬁed enzyme.  The reaction was started 
with the addition of 25-250 µM NADH (prepared freshly in buffer) and the reaction progress 
was monitored by the decrease in absorption of NADH at 340 nm using a Shimadzu 
spectrophotometer UV-2101PC.  The extinction coefficient of 6.22 cm-1 mM-1 at 340 nm was 
used for the absorption of NADH. 
2.2.6 Determination of kinetic constants.   
Kinetic parameters were determined using nonlinear least square analysis (Origin8.0) of 
the data ﬁtted to the Michaelis–Menten rate equation (v = Vmax (S) ⁄ (Km + S), where v is the 
velocity, Vmax is the maximum velocity, S is the substrate concentration and Km is the Michaelis-
Menten constant.  The enzyme rates are expressed as µmol NADH oxidized min-1 mg-1of protein 
or as kcat , mol NADH oxidized/[mol enzyme s-1]. 
2.3 Results 
2.3.1 Sequence analysis.   
In an attempt to find the gene encoding the aerobic NDH-2 isolated by Yagi and co-
workers [4], the genome of T. thermophilus HB27 [20] was analyzed.  NDH-2s are characterized 
by the presence of two GXGXXG motifs that bind adenine dinucleotides in the protein [21, 22] 
(Figure 2.2).  Three candidate genes were found, two of which appear to be sulfide 
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quinone:oxidoreductases (SQRs, TTC1047 and TTC1399) due to the presence of characteristic 
cysteine residues in their sequences [23, 24] (Figure 2.2).  It seemed most likely that the third 
gene (NCBI gi: 46199786; TTC1484) should encode the NDH-2 corresponding to the enzyme 
previously described [4].  This gene, named ndhA was expressed using recombinant technology 
and the gene product NDH-2A was studied in detail.     
2.3.2 Gene expression and protein purification.  
 Expression of the cloned ndhA gene was attempted by homologous expression in T. 
thermophilus HB27 and heterologous expression in E. coli C43 as host strains. The NDH-2A 
protein was isolated by attaching a His-tag on the C-terminus of the protein.  Expression of the 
ndhA in T. thermophilus yielded a membrane-associated, single-subunit, His-tagged protein. The 
yield of the protein, however, was very low (0.08 mg/liter). Because of this, heterologous 
expression in E. coli was attempted, which gave substantially higher yields of the protein (0.70 
mg/liter). The purity and size of the isolated proteins were analyzed by SDS-PAGE (Figure 
2.3B).  NDH-2A runs near 48 kDa, which is similar to the molecular weight predicted based on 
the protein sequence. 
2.3.3 Spectroscopic characterization: 
  The UV-visible spectrum of the recombinant NDH-2A (Figure 2.3A) shows the 
presence of FAD, with a shoulder at 465 nm indicating the cofactor is in an apolar environment 
[25].  Precipitation of the protein with 5% tricholoracetic acid leaves the FAD cofactor in 
solution, demonstrating that it is not covalently bound.  The amount of flavin bound to the 
recombinant NDH-2A protein was 1 mol FAD/mol protein for the protein isolated from T. 
thermophilus, but was substantially less, ~ 0.1 mol FAD/mol NDH-2 for the protein isolated 
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from E. coli. FAD loss is a common issue for flavoproteins that are heterologously expressed 
[26-28].  
2.3.4 Enzymatic characterization.  
The NADH:quinone oxidoreductase activities of the purified NDH-2A was examined 
with 50 µM of a number of different quinones as oxidants including menadione, duroquinone,	
ubiquinone-1, decylubiquinone and vitamin K2. Since the protein expressed in E.coli had 
substoichiometric amounts of FAD, the assays were performed in the presence of FAD in the 
reaction mix.  The activity of the enzyme increased by twofold when FAD was added to the 
reaction. It was found that the optimum concentration of FAD required for the reaction was 
30µM, as any further increase in the FAD concentration resulted in reduced activity of the 
enzyme.  The optimal growth temperature for T. thermophilus is around 75°C [29], but 
measurements above 60°C were not feasible.  The highest steady state activity for both enzymes 
was observed with menadione (Table 2.1). Therefore, all characterizations were performed with 
menadione as the electron acceptor.  The steady state activity of the enzyme increased as a 
function of temperature between room temperature and 60°C to values of 1.17 ± 0.08 µmol 
NADH oxidized min-1 mg-1 (kcat = 1.1 s-1) (Table 2.1).  The activity previously reported [4] for 
the native NDH-2A isolated from T. thermophilus was about 4 µmol NADH oxidized min-1 mg-1 
measured using ubiquinol-1 as the reductant (at 60 oC).  The recombinant NDH-2A from T. 
thermophilus has a similar NADH:ubiquinol-1 oxidoreductase activity, corresponding to about 
20 µmol NADH oxidized min-1 mg-1 using menadione as the electron acceptor.  This indicates 
that the recombinant NDH-2A enzyme isolated from E. coli has only about 6% of the activity of 
the native enzyme.  The low specific activity of the E. coli recombinant NDH-2A is very likely a 
result of low incorporation of the FAD cofactor.  
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At 60°C, the Km values for both NADH and menadione are in the micromolar range 
(Table 2.2). The activity of the enzyme was unaffected in the presence of 25 µM rotenone, a 
Complex I inhibitor, which is consistent with previous reports of NDH-2s [4, 12]. 
2.3 Discussion 
The single-subunit NDH-2s have a very low sequence homology amongst each other [12] 
and they all have in common two GXGXXG motifs found in a βαβαβ structure (Rossmann fold) 
for adenine dinucleotide (NADH, FAD) binding [21, 22].  However, the presence of two 
dinucleotide-binding motifs is a shared feature with both sulfide:quinone oxidoreductases 
(SQRs) [24] and all members within Group 3 of the flavoprotein disulfide reductase family [30].  
As a result, it is difficult to predict the function of enzymes simply based on the presence of 
these motifs.  An example of this is seen in case of the SQR from Acidianus ambivalens, which 
was initially mistaken as an NDH-2 [31, 32]. Here, we have describe our studies on the NDH-2A 
that is produced by T. thermophilus when grown aerobically [4], whose encoding gene was not 
known. 
 The strictly aerobic HB27 strain of T. thermophilus expresses both a proton-pumping, 
multi-subunit NADH dehydrogenase (Complex I) [4, 13, 33, 34] as well as a single-subunit 
NDH-2 [4].  Generally, the physiological function on the non-coupled, NDH-2s is to enable the 
cell to rapidly restore NAD+ and redox balance, and give bacteria an ability to survive drastic 
changes in their environment [9, 35].  In order to investigate the physiological role of the aerobic 
NDH-2, it is necessary to know the gene encoding this enzyme in T. thermophilus HB27.  There 
are three candidate genes in the genome of HB27 [20]: TTC1047, TTC1399 and TTC1484.  Both 
TTC1047 and TTC1399 contain cysteine residues at specific positions, strongly suggesting that 
these both encode SQRs [24]. The third gene, TTC1484 is annotated as an NAD(P)H oxidase 
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(i.e., an NAD(P)H:O2 oxidoreductase). The predicted TTC1484 gene product has 39% sequence 
identity with the NDH-2B enzyme from Bacillus pseudofirmus OF4 that was initially thought to 
be an NDH-2 but, when isolated was shown to use NADPH as a substrate and oxygen as an 
electron acceptor [36].  Nevertheless, the enzyme encoded by TTC1484 purified in the current 
work does not oxidize NADPH or reduce oxygen (data not shown), and shows NADH oxidation 
only in the presence of quinone.  It is concluded that TTC1484, although annotated as an NADH 
oxidase, actually encodes the aerobic NDH-2 (designated here as NDH-2A) previously 
characterized [4].  Further supporting evidence is that the recombinant NDH-2A is isolated in the 
membrane fraction of either T. thermophilus or E. coli, as expected for an authentic NDH-2 
enzyme which uses membrane-bound quinone as its electron acceptor.  In contrast, NADH 
oxidases are water soluble, which is also true for the NDH-2B from Bacillus pseudofirmus OF4 
[36].  The membrane binding of NDH-2 proteins is mediated by C-terminal amphipathic helices 
[37-39], which are also predicted in the TTC1484 gene product (Figure 2.2).    
The NDH-2A shows the presence of flavin in the UV/visible spectrum of the oxidixed 
protein (Figure 2.3.A). The FAD content is low in the protein expressed in E.coli, an issue 
commonly seen in heterologously expressed flavin proteins [26-28]. In the enzyme assays 
therefore, FAD has to be added to the reaction mix externally for optimal activity. The 
membranes of T.thermophilus have menaquinone-8 as the major quinone [40].  Menaquinone-8 
has a long hydrophobic tail with eight isoprenoid units making it insoluble.  While screening for 
the enzyme activity with different types of soluble quinone analogs, it was seen that menadione 
had the highest activity (Table 2.1).  This is reasonable since menadione closely resembles the 
native menaquinone in structure.  The range for the Km for NADH in NDH-2s is fairly broad 
ranging from 2µM to 50µM [12]. The Km for NADH in case of the NDH-2A falls right in the 
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middle of that range and is around 24µM. Finally, it was observed that the NADH oxidation 
activity is rotenone insensitive, indicating that the NDH-2A from T.thermophilus definitely is an 
NDH-2 [12].  
Thus, in this work we were able to identify the gene encoding the NDH-2 expressed 
under aerobic conditions in T.thermophilus and isolate the protein after heterologous and 
homologous over-expression. In addition, the kinetic parameters the protein were determined and 
it was observed that the activity was similar to that measured by Yagi et.al. [4] 
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 Figures and Tables 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. The aerobic respiratory chain of T.thermophilus. The electrons enter the 
respiratory chain at the level of the NADH dehydrogenases and the succinate dehydrogenase. 
The vertical arrows represent the enzymes that can contribute to the proton motive pathway by 
charge transfer across the membrane. MQH2 is the reduced menaquinone, which would pass 
electrons from the dehydrogenases to the bc1 complex, which then passes them onto the 
cytochrome oxidases caa3 and ba3 . While, its known that the cytochrome c552  transfers electrons 
to ba3 [41] the electron donor for the caa3 is unknown.  
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Figure 2.2 
 
....|....| ....|....| ....|....| ....|....| ....|....|  
                      10         20         30         40         50              
NDH-2A       ---------- ---------- ---------- ---------- --MGKRMVVV  
NrcN         ---------- ---------- ---------- ---------M GGAWPEVVIL  
E.c          ---------- ---------- ---------- ---------M TTPLKKIVIV  
B.p.A        ---------- ---------- ---------- ------MEVI SLKKPSIVLL  
B.p.B        ---------- ---------- ---------- ---------- --MTMKYVII  
M.t.1        ---------- ---------- ---------- MSPQQEPTAQ PPRRHRVVII  
M.t.2        ---------- ---------- ---------- MTLSSGEPSA VGGRHRVVII  
T.t.SQR1     -MAKVKRRDL LKAGAALAAA GTLGKGFAQE FYASPPTLLP RSRAPRVVVV  
T.t.SQR2     ---------- ---------- ---------- ---------- ---MTRVLVL  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                      60         70         80         90        100             
NDH-2A       GGVAGGASAA AKAKR---EN PELEVVVYEK SGWVSYGACG LPYVLSGEI-  
NrcN         GGGFAGLAAA RVLER----- ARIPYLLVDA RNHHLFQPL- LYQVATGFLE  
E.c          GGGAGGLEMA TQLGHKLGRK KKAKITLVDR NHSHLWKPL- LHEVATGSLD  
B.p.A        GAGYGGMITA TRLSKQLGH- NEANITLVNK HDYH-YQTTW LHEPAAGTLS  
B.p.B        GGDAAGMSAA MQIVR---RN KDADVTTLEM GEYYSYAQCG LPYAVGGLVK  
M.t.1        GSGFGGLNAA KKLKR----- ADVDIKLIAR TTHHLFQPL- LYQVATGIIS  
M.t.2        GSGFGGLNAA KALKR----- ADVDITLISK TTTHLFQPL- LYQVATGILS  
T.t.SQR1     GGGWGGTTVA RKVKQ---QN PGVEVVLVEQ KPIFMSCPM- SNLFLAGVKP  
T.t.SQR2     GGGSGGLVAA NKVKRLLG-- KEVEVTLVDR NTHHEFMPA- YPWVAFGMRE  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     110        120        130        140        150         
NDH-2A       PRLERLVART PEEFRK-QGV LVHTRHEVVD VDYELRTLTV HDHAEGRTFQ  
NrcN         GPAIAYPLRA LVRRG---RV LL---ARARA VDLEGRRLL- ----LEDGDV  
E.c          EGVDALSYLA HARNHG-FQF QL---GSVID IDREAKTITI AELRDEKGEL  
B.p.A        PERTRMEIKS VLDLNK-IKF VK---DSVVE IKTDVKKVI- -----LENGE  
B.p.B        GGLDDLVARD VETFRSKYGI DARVNHEVTH VDTEKKLVS- -----GKDFS  
M.t.1        EGEIAPPTRV VLRKQRNVQV LL---GNVTH IDLAGQCVV- -SELLGHTYQ  
M.t.2        EGDIAPTTRL ILRRQKNVRV LL---GEVNA IDLKAQTVT- -SKLMDMTTV  
T.t.SQR1     LEWLVFDYTN VVKDG--VIF VQ---EKVLE INRDRRLVR- -----TTGGY  
T.t.SQR2     PEAIRRPLAN LEKRG--IRY LQ---ATVEA LDPERNRVK- -----TTAGE  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     160        170        180        190        200         
NDH-2A       DR------FD HLVLATGARP SLPPIPGTEQ EGVYTLRTME DGERL-----  
NrcN         LP------YR HLVVATGSLP SDLGVPGVG- ERALLLKTLG QALRV-RHRL  
E.c          LVPERKIAYD TLVMALGSTS NDFNTPGVK- ENCIFLDNPH QARRF-HQEM  
B.p.A        LD------YD YLVVGLGSEA ETFGVPGVH- EHAFSKWTVN GAREV-KEHI  
B.p.B        VP------YD KLLIATGASP IVPDWDGADL DGIHTVKTIP DTEAV-IKDM  
M.t.1        TP------YD SLIVAAGAGQ SYFGNDHFA- EFAPGMKSID DALEL-RGRI  
M.t.2        TP------YD SLIVAAGAQQ SYFGNDEFA- TFAPGMKTID DALEL-RGRI  
T.t.SQR1     LA------YD FLVLAPGIDY MYEAIPGYEE AKHFLPVGFK PFEHIALRRM  
T.t.SQR2     LS------YD YLIVSLGAEA --LPSPAQD- GHAP--WSLE GALKL-RE-A  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
210        220        230        240        250         
NDH-2A       LKALPQARR- ---------- -AAILGAGYI GLEAAEAFRK R---------  
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NrcN         LMALERAARE GAP------L SLVVVGGGPT GVELSGALAE FLRYALPRDF  
E.c          LNLFLKYSAN LGA--NGK-V NIAIVGGGAT GVELSAELHN AVKQLHSYGY  
 
B.p.A        EYQFARYNNM TEK--RDELL TLIVAGAGFT GIEFIGELSE RVPELCK--H  
B.p.B        HNDTHH---- ---------- -IAVIGGGYI GLEMAENFVE ----------  
M.t.1        LSAFEQAERS SDPERRAKLL TFTVVGAGPT GVEMAGQIAE LAEHTLKGAF  
M.t.2        LGAFEAAEVS TDHAERERRL TFVVVGAGPT GVEVAGQIVE LAERTLAGAF  
T.t.SQR1     LDRFDETGGE LVM--Y---I PPPPYRCPPG PYERAAMLAW RLK------T  
T.t.SQR2     LRTFKGGKVV VG-------V SSPYYPCPPA PYEVAGQVEF ALK------V  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     260        270        280        290        300         
NDH-2A       ------GLQV TLLEAKDRPL PHWDPEVGAL LKEELERHGV EVWTGVKVEA  
NrcN         PEI--PEARV VLLEAGPRLL PAFRPALSRY AERALAHLGV EVRLGAQVAA  
E.c          KGLTNEALNV TLVEAGERIL PALPPRISAA AHNELTKLGV RVLTQTMVTS  
B.p.A        YDIPREKVKM YVIEAAPTAL PGFDPELVEY AMNLLEARGV EFKINCPIKE  
B.p.B        -----QGKKV TMIERGPQLA GIFDQEMANL IHEEAEKHGV KLLFNEEVKG  
M.t.1        RHIDSTKARV ILLDAAPAVL PPMGAKLGQR AAARLQKLGV EIQLGAMVTD  
M.t.2        RTITPSECRV ILLDAAPAVL PPMGPKLGLK AQRRLEKMDV EVQLNAMVTA  
T.t.SQR1     KGV---KGKV IVLDANPQPL AKAPGFLAAY --NELYKDYL EYHPNMRITG  
T.t.SQR2     KGV-RDKSTV EVFHLNPAPL AGMGPVISGK VLEILKSKGI AFHGGFEPVE  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     310        320        330        340        350         
NDH-2A       FRGMGRVEAV ETSEGVVPAD LVL--LATGI RPNTELAQ-- --AMGVALGP  
NrcN         VEERG---VR LASGEGLVGD LIL--WAVGV RGNPL----- ---PGLPADA  
E.c          ADEGG---LH TKDGEYIEAD LMV--WAAGI KAPDFLKD-- --IGGLETNR  
B.p.A        VTETG---VT LASGDEIKAE TVV--WATGV RGSSVIEK-- ---SGFEA-M  
B.p.B        FKGDSRVEEI VTDKQSFKVD MVI--VAIGV KPNTHFLE-- --DCGVHLHE  
M.t.1        VDRNG-ITVK DSDGTVRRIE SACKVWSAGV SASRLGRD-L AEQSRVELDR  
M.t.2        VDYKG-ITIK EKDGGERRIE CACKVWAAGV AASPLGKMIA EGSDGTEIDR  
T.t.SQR1     LDYEKK--VV RTELGDYPFT LAN--VIPPM KAAEIVRQ-- -----AGLGE  
T.t.SQR2     FAGGK---VK AKDGRELSYD LLI--LTPPF APNRVVRE-- ----SPLAGP  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     360        370        380        390        400         
NDH-2A       TGAIATDE-R MRT-NLEGVY AAGDVAESFH RVLKRPYWLP LGDVANKHGR  
NrcN         RGRVPTDP-Y LRLPGHPEVY VVGDLNGLG- -------FPQ LAPVALQQGA  
E.c          INQLVVEP-T LQTTRDPDIY AIGDCASCPR P--EGGFVPP RAQAAHQMAT  
B.p.A        RGRIKVEP-D LRAPGHDDVF IIGDCALLIN EEINRP-YPP TAQIAMQMAE  
B.p.B        NGAIQVNG-Y MET-NIPDVY AAGDCATQYH RIKEHDDFIP LGTHANKQGR  
M.t.1        AGRVQVLP-D LSIPGYPNVF VVGDMAAVEG -------VPG VAQGAIQGAK  
M.t.2        AGRVIVEP-D LTVKGHPNVF VVGDLMFVPG -------VPG VAQGAIQGAR  
T.t.SQR1     RWANVRIP-Y FLSEADDRVY LVGDITGNTP -------YPK SGMIAYVSGT  
T.t.SQR2     QGFPEVDRMT FRSPRFPNVF VIGDTVNPAL M------LPP AGVVAHFQGE  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     410        420        430        440        450         
NDH-2A       TAGSVIAGRE ARF------- --------LG VVGTAIFKAF DLAVATT---  
NrcN         WAAGNLLRAL RGQ------D PL---PFRYR DRGQLAVIGR NRAVAEL---  
E.c          CAMNNILAQM NGK------- PL--KNYQYK DHGSLVSLSN FSTVGSLMGN  
B.p.A        TCAENIKLLM KGG------- -SSLKTFKPD IKGTVASLGG KEAIGVV---  
B.p.B        IAGLNMAGDS RTF------- --------KG IVGTSIMKFF SLTLGRT---  
M.t.1        YVASTIKAEL AGA------N PAEREPFQYF DKGSMATVSR FSAVAKI---  
M.t.2        YATTVIKHMV KGND-----D PANRKPFHYF NKGSMATISR HSAVAQV---  
T.t.SQR1     IVARHLTERL KGK------- PLAEIPPELP TNICYSFVDS EEAIWVS---  
T.t.SQR2     YVAGVIASDL KGAYIGEPFN PVAMCIMDFG DNALLPQCAF DRVLAGT---  
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Figure 2.2(cont.) 
 
....|....| ....|....| ....|....| ....|....| ....|....|  
                     460        470        480        490        500         
NDH-2A       ----GLSLEG ALKEGFWAKK VFIQSRDGAH YYPGSGPL-- -WVELVYEEG  
NrcN         ---WGRGFAG FPAWLLWAFV ---HLRELVG FRNRLLVFLD WAYTYLFREP  
 
E.c          LTRGSMMIEG RIARFVYISL YRMHQIALHG YFKTGLMMLV GSINRVIRPR  
B.p.A        ---GTRKLFG AQANFI---- ---KKMIDNR Y-----LFLL GGPGLVLKKG  
B.p.B        ----GLSLRE AEELRIPTEI VDAEIPHHAT YYPGSEIL-- -TIRLMYQRH  
M.t.1        ---GPVEFSG FIAWLIWLVL ---HLAYLIG FKTKITTLLS WTVTFLSTRR  
M.t.2        ---GKLEFAG YFAWLAWLVL ---HLVYLVG YRNRIAALFA WGISFMGRAR  
T.t.SQR1     ---------A NYSWDEAEKR IKAQSQVDNQ RSKANGEAAI GWALGLWNDM  
T.t.SQR2     ----GMPSCG VMAVGKWVRV ---TKMLFEG F--------- -WFATLIE--  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     510        520        530        540        550         
NDH-2A       TGRLLGGAVV ARGHGALRID VLAALLHREG SVEDLLALDL AYAPPFSPVW  
NrcN         GVRVLPD--- ---------- ---------- ---------- ----------  
E.c          LKLH------ ---------- ---------- ---------- ----------  
B.p.A        KNPL------ ---------- ---------- ---------- ----------  
B.p.B        TEQLLGAQII GKEGVDKRID VLATALYHKM TMEDLENLDL AYAPPYNGVW  
M.t.1        GQLTITDQQA FAR---TRLE QLAE--LAAE AQGSAASAKV AS--------  
M.t.2        GQMAITSQMI YARLVMTLME QQAQGALAAA EQAEHAEQEA AG--------  
T.t.SQR1     FGPA------ ---------- ---------- ---------- ----------  
T.t.SQR2     ---------- ---------- ---------- ---------- ----------  
 
....|....| . 
                     560    
NDH-2A       DPLLIAAQQA R 
NrcN         ---------- - 
E.c          ---------- - 
B.p.A        ---------- - 
B.p.B        DPIQQASRRR G 
M.t.1        ---------- - 
M.t.2        ---------- - 
T.t.SQR1     ---------- - 
T.t.SQR2     ---------- - 
 
Figure 2.2. Amino acid sequence alignments of different NDH-2s and SQRs including those 
from T. thermophilus.  The characteristic adenine dinucleotide binding motifs are highlighted in 
gray.  The putative amphipathic helices in the extended C-terminal are underlined.  The 
sequences are labeled as follows: NDH-2A, T. thermophilus NDH-2A; NrcN, T.  thermophilus 
NrcN; E.c, E. coli NDH-2; B.p.A, Bacillus pseudofirmus OF4 NDH-2A, B.p.B, Bacillus 
pseudofirmus OF4 NDH-2B; M.t.1, Mycobacterium tuberculosis Ndh; M.t.2, Mycobacterium 
tuberculosis NdhA; T.t.SQR1, T. thermophilus SQR-1; T.t.SQR2; T. SQR-2.  
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Figure 2.3. UV-visible spectra (A) and SDS-PAGE (B) of purified NDH-2A from T. 
thermophilus.  (A) NDH-2A produced in E.coli, exhibits a typical UV-visible absorption 
spectrum of a flavoprotein, with characteristic peaks at 375 and 450 nm for the oxidized FAD.  
(B) Coomassie brilliant blue-staining showing ~ 5µg of purified T. thermophilus NDH-2A.  
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Table 2.1 
 Relative NADH:quinone oxidoreductase activities of the T. thermophilus NDH-2A with 
different quinones. 
 
 
 
 
 
 
 
aActivity measured with menadione is 1.17 ± 0.08 µmol NADH oxidized min-1 mg -1 of protein 
(100%) for NDH-2A, and all activities are expressed as the percent relative to these values.  
Measurements were performed at 60°C as described in the text. 
  
Electron acceptor Enzymatic activity 
(%) 
Menadione 100a 
Decylybiquinone 48 
Duroquinone 32 
Ubiquinol-1 18 
Vitamin K2 10 
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Table 2.2 
Steady state kinetics parameters for T. thermophilus NDH-2Aa 
 
 
 
   
 
 
 
 
 
 aActivity was measured as described in the text at 60 °C.  Data are expressed as average ± SD of 
three independent experiments.  
NDH-2A 
Km 
(µM) 
NADH 24 ± 2 
Menadione 32 ± 3 
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CHAPTER 3: CHARACTERIZATION OF THE NDH-2 AND THE MEMBRANE 
BOUND PROTEIN NRCE IN THE NRC OPERON OF THE DENITRIFYING STRAIN 
OF THERMUS THERMOPHILUS 
3.1 Introduction  
Most strains of T.thermophilus are aerobic [1], however, some strains e.g., NAR1, 
PRQ25, by virtue of the presence of the nitrate respiration conjugative element (NCE) [2-4], are 
facultative anaerobes that can grow on nitrate [4-7]. The process of reducing nitrate all the way 
to molecular nitrogen is known as denitrification [8]. This process is carried out by bacteria in a 
sequence of enzyme catalyzed steps [8]. The NAR1 strain of T.thermophilus is a partial 
denitrifier, meaning that the end product of growth on nitrate is nitrite.  Strain PRQ25,on the 
other hand, is a complete denitrifier, with a gene cluster near the NCE, that encodes genes for 
nitrite reductase and nitric oxide reductase, so nitrate is reduced to nitrous oxide (N2O). The 
NCE encodes two operons the narCGHJIKT and the nrcDEFN [2, 9].  The nar operon encodes 
for the subunits of an unusual nitrate reductase (NarCGHI), that contains a cytochrome c subunit 
(NarC)[2], a chaperone (NarJ) and nitrate/nitrite transporters (Nark and NarT). The second 
operon nrc named for nitrate respiration chain has been proposed to encode for a four-subunit 
Nrc complex that is an NADH dehydrogenase that functions under anaerobic conditions to 
provide electrons to nitrate reductase and other enzymes involved in denitrification [2, 10]. The 
Nrc and Nar complexes are proposed to function together to catalyze the NADH-dependent 
reduction of nitrate [2, 3].   
When grown aerobically, all T. thermophilus strains can express both Complex I [11, 12] 
as well as an NDH-2.  The “aerobic” NDH-2 was discussed in the previous chapter. While it has 
been observed that the nrc operon is expressed when grown under denitrifying conditions [10] 
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the proposed complex NrcDEFN has not been isolated. Of particular interest is the NrcN, which 
is a component of the Nrc complex, [2, 10] and a putative NDH-2. All the NDH-2s that have 
been studied so far, including the aerobic NDH-2 from T.thermophilus are single subunit 
enzymes [13] and hence, NrcN would represent a unique version of the NDH-2. 
In the current work, we express recombinant forms the putative “anaerobic” NDH-2, 
NrcN and the membrane bound protein NrcE, which are both part of the nrc operon. It is shown 
that the NrcN functions as an NDH-2 in the absence of the other subunits of the putative Nrc 
complex.  Efforts to demonstrate that NrcN is part of a complex were not successful.  The NrcE 
is found to be a heme containing membrane protein whose function remains unknown. The 
properties of the aerobic and anaerobic NDH-2 enzymes are compared.  
 
3.2 Materials and Methods 
3,2.1. Construction of expression plasmids.   
T. thermophilus strains and DNA were kindly provided by Dr. J. Berenguer (Univ. of 
Madrid). The gene encoding the  nrcDEFN operon from T. thermophilus NAR1 strain were 
cloned into pET22b (Apr, Novagen) and into the shuttle vector pMKPbcbgaA (Kmr), also kindly 
provided by Dr. J. Berenguer (University of Madrid).  To facilitate purification, an 8His-tag was 
introduced either in the N- or C-terminal of the nrcE and nrcN genes.  The final constructions in 
pMKPbcbgaA were transformed into T. thermophilus HB27 for homologous expression.  The 
construction containing the nrcN N-terminal his-tagged nrc operon in pMKPbcbgaA was also 
transformed in the anaerobic NAR1 strain. For heterologous expression, the constructions in 
pET22b were transformed into E. coli C43 (DE3) strain (Avidis, France), also containing 
pRARE for expression of rare codons (Cmr, Novagen).  
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3.2.2 Cell growth, enzyme expression and purification.   
T. thermophilus HB27 was grown in 1 liter of culture medium in a 2-liter ﬂask using rich 
medium (TB: 8 g/liter yeast extract, 6 g/liter tryptone, 3 g/liter NaCl, 3 ml glycerol, pH 7.4) with 
30 µg/ml kanamycin, at 60°C, for 16 h in an incubator shaker (ﬁnal optical density at 600 nm 
[OD600 ] ~ 1.4).  T. thermophilus NAR1 cultures were aerobically grown in TB medium without 
nitrate up to an A550 of 0.4,  after which the shakers were stopped to provide no aeration. The 
transcription was activated by the addition of 40 mM KNO3 for induction of nitrate/anoxia-
dependent promoters [10]. E. coli C43 was grown in LB medium with 100 µg/ml ampicillin and 
20 µg/ml chloramphenicol, at 37°C and gene expression was induced by the addition of 1 mM 
IPTG (isopropyl-D-thiogalactoside) when cells reached an OD600 ~ 0.7.  All the purification 
procedures were carried out at 0-4º C. Cells were harvested and resuspended in buffer A (50 mM 
sodium phosphate, pH 7.5, 300 mM NaCl) with 5 mM MgSO4, DNAse I and a protease inhibitor 
cocktail (Sigma).  They were then disrupted by passing twice through a microfluidizer at a 
pressure of 80,000 psi.  Cell extract was centrifuged at 14,000 x g for 10 min to remove the 
unbroken cells.  Membranes were obtained after centrifugation at 230,000 x g for 4 h.  Pellets 
were resuspended in buffer A with the protease inhibitor cocktail, and then solubilized by the 
addition of a stock solution of 20% DDM (dodecyl-β-D-maltoside) dropwise to a final 
concentration of 1%. The solution was incubated at 4º C for 2 h with mild agitation. The 
suspension was cleared by centrifugation at 230,000 x g for 1 h.  The supernatant was added to 5 
ml Ni-NTA resin (Qiagen) pre-equilibrated with buffer A with 0.05% DDM and 10 mM 
imidazole.  The protein bound to the resin was washed with buffer A with 0.05% DDM and 40 
mM imidazole and then eluted with buffer A with 0.05% DDM and 200 mM imidazole.  
Fractions were concentrated by filtration, and then the imidazole was removed by dialysis 
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against buffer A with 0.05% DDM.  The purified protein could be stored frozen at -80ºC after the 
addition of glycerol to a final concentration of 10%. 
3.2.3. Analytical methods.   
The protein purity was evaluated by SDS-PAGE using a 4-20 % gradient gel (Nusep).  
Protein concentration was determined using the BCA kit (Thermo Scientific, Pierce Protein 
Research Products).  The FAD content of the pure protein was determined spectroscopically with 
an Agilent Technologies spectrophotometer (model 8453), using an extinction coefficient of 11.3 
cm-1 mM-1 for the free oxidized flavin at 450 nm [14], after extraction from the protein by 
treatment of the sample with 5 % trichloroacetic acid [15].  The pyridine hemochrome assay [16] 
was performed to analyze the type and amount of heme present in NrcE.  The protein was treated 
by adding 0.1 ml of a stock solution of 200 mM NaOH with 40% pyridine and 1 µl of 0.1 M of 
K3Fe (CN)6 to  0.1 ml of a solution of the pure protein. The spectrum of the oxidized, extracted 
heme was recorded, and then the protein was reduced by the addition of dithionite.  The reduced-
minus-oxidized spectrum was then analyzed. 
3.2.4. Enzyme activity assays.  
 NADH dehydrogenase activity was measured at 60º C.  The 200 µl reaction mixture 
contained 50 mM sodium phosphate buffer, pH 7.5, 300 mM NaCl, 0.05% DDM, 30 µM FAD, 
10-200 µM menadione (Sigma) and 5-7 µg of the puriﬁed enzyme.  The reaction was started 
with the addition of 25-250 µM NADH (prepared freshly in buffer) and the reaction progress 
was monitored by the decrease in absorption of NADH at 340 nm using a Shimadzu 
spectrophotometer UV-2101PC.  The extinction coefficient of 6.22 cm-1 mM-1 at 340 nm was 
used for the absorption of NADH. 
3.2.5. Determination of kinetic constants.   
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Kinetic parameters were determined using nonlinear least square analysis (Origin8.0) of 
the data ﬁtted to the Michaelis–Menten rate equation (v = Vmax (S) ⁄ (Km + S), where v is the 
velocity, Vmax is the maximum velocity, S is the substrate concentration and Km is the Michaelis-
Menten constant.  The enzyme rates are expressed as µmol NADH oxidized min-1 mg-1of protein 
or as kcat , mol NADH oxidized/[mol enzyme s-1]. 
3.3 Results 
3.3.1 Sequence analysis   
The operon nrcDEFN that is part of the NCE [3, 6, 10] is proposed to encode a complex 
that would donate electrons from NADH to the nitrate reductase during growth on nitrate. The 
NrcN is encoded within the nrc operon. Although part of the putative Nrc complex, NrcN is an 
NDH-2 homologue and contains two GXGXXG motifs.  Additionally, the NrcN protein has 2 
predicted amphipathic helices in its C-terminus, similar to other NDH-2s (Figure 2.2) [17, 18].  
Thus, though it seems to have the sequence identity of the single subunit NDH-2s, how the NrcN 
might function as a component of a protein complex had to be determined. 
3.3.2 Gene expression and protein purification 
Expression of the cloned nrc operon was attempted by homologous expression in T. 
thermophilus HB27 and heterologous expression in E. coli C43 as host strains.  Efforts to 
express the nrcN were always made with the gene as part of the entire nrcDEFN operon.  Both 
C-and N-terminus His-tag constructions of NrcN were made, but only the protein with the N-
terminal His-tag was functional.  Expression of the nrcDEFN in T. thermophilus yielded a 
membrane-associated, single-subunit, His-tagged protein (Figure 3.2). The yield of the protein, 
however, was very low (0.025 mg/liter). Because of this, heterologous expression in E. coli was 
attempted for the nrcDEFN, and substantially higher yields of the protein were obtained (0.30 
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mg/liter). The NrcN was always isolated as a single protein without any of the other subunits of 
the proposed Nrc complex. (Figure.3.2.A) 
In an alternative attempt to see if the Nrc proteins could be isolated as a complex, the 
nrcDEFN operon was expressed in nitrate reducing conditions in the NAR1 anaerobic strain. As 
it was previously observed in the aerobic strain, only the NrcN subunit was obtained in NAR1. 
Additionally, an attempt was made to add a His-tag to a different protein in the nrc operon to 
pull out the entire complex. The membrane bound subunit NrcE was chosen for this, as it has 
already been implicated in being the membrane anchor for the complex [10]. When the NrcE 
subunit was His-tagged (N-terminus) and expressed together with the rest of the operon in E. coli, 
the protein was isolated as a single membrane-bound subunit (Figure.3.2.A) with no evidence of 
association with NrcN or other subunits.  
3.3.3 Biochemical characterization   
The purity and size of the isolated NrcN protein was analyzed by SDS-PAGE (Figure 
3.2.A). NrcN runs slower than its predicted 43 kDa size.  This could be attributed to the high 
proline content in the protein (~8%), as has been observed in a few other proteins[19-21]. 
Although nrcN is the last gene transcribed in the nrcDEFN operon, there was no evidence of the 
presence of the NrcD, NrcE or NrcF subunits in the preparations.  
Precipitation of the protein with 5% tricholoracetic acid leaves the FAD cofactor in 
solution, demonstrating that it is not covalently bound. The amount of flavin bound to the NrcN 
was 1 mol FAD/mol protein when isolated from T. thermophilus. The recombinant NrcN isolated 
from E. coli had undetectable amount of bound FAD. This FAD loss is a common issue for 
flavoproteins that are heterologously expressed [22-24]. 
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Interestingly, the reduced UV-visible spectrum of the NrcE subunit shows characteristic 
peaks for reduced heme b at 530 and 560 nm (Figure 3.2.B).  This was confirmed by assaying for 
extracted heme using the pyridine hemochrome assay [16], and the result showed approximately 
1 heme b per molecule of NrcE. The NrcE protein does pull up any known homologs from the 
protein database and seems to represent a new type of membrane bound heme protein [10]. 
3.3.4. Enzymatic characterization.  
The NADH:quinone oxidoreductase activities of the purified NrcN was examined with 
50 µM of a number of different quinones as oxidants including menadione, duroquinone,	
ubiquinone-1, decylubiquinone and Vitamin K2. Since the protein expressed in E.coli had 
substoichiometric amounts of FAD, the assays were performed in the presence of FAD in the 
reaction mix.  The activity of the enzyme increased by twofold when FAD was added to the 
reaction. It was found that the optimum concentration of FAD required for the reaction was 
30µM, as any further increase in the FAD concentration resulted in reduced activity of the 
enzyme. This resulted in activation of the NrcN with an optimum addition of FAD of 30 µM.  
The optimal growth temperature for T. thermophilus is around 75°C [25], but measurements 
above 60°C were not feasible.  The highest steady state activity for the enzyme was observed 
with menadione (Table 3.1). Therefore, all characterizations were performed with menadione as 
the electron acceptor.  For the recombinant NrcN isolated from E. coli, the steady state activity 
increased as a function of temperature between room temperature and 60°C to function of 
temperature between room temperature and 60°C to values of 1.23 ± 0.06 µmol NADH oxidized 
min-1 mg-1 (kcat = 0.9 s-1) (Table 3.2). Thus, the NrcN shows NDH-2 activity even in the absence 
of the remaining components of the Nrc complex. 
	 51	
At 60°C, the Km values for both NADH and menadione are in the micromolar range 
(Table 3.2).  In comparison to the NDH-2 expressed under aerobic conditions,(NDH-2A), the 
NrcN has two fold higher Km for NADH, whereas the Km for menadione is about two-fold lower 
(Table 3.2).  The activity of the NrcN was unaffected in the presence of 25 µM rotenone, a 
Complex I inhibitor, which is consistent with previous reports of NDH-2s [13, 26]. 
3.4 Discussion 
Those strains of T. thermophilus that can grow anaerobically on nitrate contain the NCE 
inserted on a megaplasmid that is probably present in all strains of T. thermophilus [5].  The 
NCE contains three operons, nrcDEFN,  narCGHJIKT and dnrST.  The dnrST operon encodes 
transcriptional regulatory elements [27].  In the presence of nitrate and absence of O2, expression 
of the proton-pumping Complex I (NADH:quinone oxidoreductase) as well as the bc1 complex 
(quinol:cyt c oxidoreductase) is suppressed,  whereas the expression of the nar and nrc operons 
is enhanced [2, 3].  Most of the electrons required for the function of the nitrate reductase appear 
to be provided by components encoded by the nrcDEFN operon, which encodes a proposed 4-
subunit NrcDEFN complex with NADH:quinone oxidoreductase activity [10].  The native 
quinone for T.thermophilus is menaquinone [10], which would receive electrons from the 
NrcDEFN complex. The reduced meanquinone would then be the substrate for the nitrate 
reductase [2].   
The proposed Nrc complex is anchored to the membrane by the NrcE subunit, which is 
expected to have 7 transmembrane helices [10].  Both the NrcD and NrcF contain motifs with 
conserved cysteines that bind Fe-S centers. While the NrcD is related to ferredoxins the NrcF is 
similar to the Fe-S subunit of Complex II (succinate dehydrogenase) [2, 10].  In the proposed 
model, NrcN is expected to oxidize NADH and provide electrons, via the NrcD and NrcF 
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subunits, to NrcE which is speculated to have the menaquinone binding site where the quinone 
would be finally reduced [2, 10]. Thus according to the proposed model, NrcN is attached to the 
membrane through an interaction with NrcF and NrcN is not a menaquinone reductase by itself.   
In the current work, NrcN is shown to bind the membrane in the absence of NrcF, NrcD 
or NrcE and, furthermore, is shown to have NADH:quinone oxidoreductase activity in the 
absence of any other components of the proposed Nrc complex.  The NrcN sequence shows the 
presence of 2 amphipathic helices at the C-terminus (Figure 2.2) similar to other authentic NDH-
2 enzymes [17, 18, 28], which likely mediate binding to the membrane bilayer. In addition, the 
enzyme assays with the NrcN protein show that it can function as a NADH:quinone 
oxidoreductase by itself and does not require the other subunits for activity. The kinetic 
parameters determined for the NrcN are compared to the aerobic NDH-2A from T.thermophilus 
described in the previous chapter (Table 3.2). The NrcN also shows highest activity with 
menadione as compared to other soluble quinone analogs. It seen that the Km for the NADH in 
the NrcN is twice a high as in case of the NDH-2A while that for the menadione is close to half 
of the value for NDH-2A. 
Even though NrcN is encoded by the last gene in the nrcDEFN operon, the His-tagged 
NrcN protein was produced in both T. thermophilus and in E. coli without any evidence of other 
associated subunits. All subsequent attempts to purify the entire complex out such as expressing 
the nrc operon in the denitrifying strain NAR1, also did not give a product with all the proteins 
of the proposed complex. When a His-tag was placed on the NrcE   and the protein was 
subsequently isolated, no additional subunits co-purified. Thus, the complex either does not exist 
physiologically or the subunits are very weakly associated with each other such that only the 
tagged proteins are purified out by affinity chromatography. It was found that the  NrcE contains 
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a heme b, which is consistent with a possible role as a redox protein [10]. However, it has been 
pointed out previously that NrcE has no known homologue and, in fact, is not present in an intact 
form in the nrc operon in T. thermophilus strain PRQ25, a complete denitrifier [5].  
 To conclude, through this study we were able to show that the NrcN is an authentic 
NDH-2 and is capable of providing reducing equivalents to the nitrate reductase in strains of T. 
thermophilus which can grow anaerobically on nitrate. We were unable to purify the NrcDEFN 
complex as a whole , but the results show that the NrcN can function on its own. This also 
proves that the menaquinone binding site is on the NrcN itself unlike as proposed previously [10]. 
The function of the remaining proteins that are encoded for by the nrc operon needs to 
investigated. It will be interesting to see if and how the NrcN and the other proteins have a 
synchronized function.  
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Figures and Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. The nrc operon from the nitrate reducing strains of T.thermophilus and a 
schematic model of the Nrc complex. (A)The nrc operon consists of four genes nrcD, nrcE, 
nrcF and nrcN.(B) A model of the  proposed complex that the four proteins encoded by the nrc 
genes which would donate electrons to the nitrate reductase encoded by nar operon. 
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Figure 3.2. Biochemical characterization of the NrcN and NrcE proteins from 
T.thermophilus using SDS -PAGE and UV-visible spectra (A) SDS – PAGE followed by 
Coomassie brilliant blue-staining shows ~ 5µg of purified NrcN (Lane 1) and NrcE (Lane 2). (B) 
The dithionite reduced UV-visible spectrum of NrcE shows the characteristic peaks for heme b at 
530nm and 560nm. 
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Table 3.1 
 Relative NADH:quinone oxidoreductase activities of the T. thermophilus NrcN with 
different quinones. 
 
 
 
 
 
 
 
aActivity measured with menadione is 1.23 ± 0.06 µmol NADH oxidized min-1 mg -1 of protein 
(100%) for NDH-2A, and all activities are expressed as the percent relative to these values.  
Measurements were performed at 60°C as described in the text. 
  
Electron acceptor Enzymatic activity (%) 
Menadione 100a 
Decylubiquinone 70 
Duroquinone 74 
Ubiquinol -1 21 
Vitamin K2 27 
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Table 3.2 
 Comparison of the steady state kinetics parameters for T. thermophilus NDH-2A and 
NrcNa. 
 
 
 
 
 
 
 
 
 
 
 
 
aActivity was measured as described in the text at 60 °C.  Data are expressed as average ± SD of 
three independent experiments. 
 
 
 
 
 
 
 
 
 
 
 
 Km (NADH)  
(µM) 
Km (menadione)  
(µM) 
NDH-2A 24 ± 2 32 ± 3 
NrcN 50 ± 6 17 ± 2 
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 CHAPTER 4: STUDIES ON THE MEMBRANES OF FLAVOBACTERIUM 
JOHNSONIAE AND THEIR BIOENERGETICS 
4.1. Introduction 
 Flavobacterium are aerobic, gram-negative bacteria and are members of the 
Bacteroidetes phylum. They are commensal bacteria that live in both soil and water. F. 
johnsoniae has been used as a model system for studying gliding motility and the type IX 
secretion system associated with it [1]. Along with the other members of this group F.johnsoniae 
is known for its ability to degrade polysaccharides and proteins [2], most importantly chitin [3]. 
The genome of this organism was sequenced in 2009 [4] and has helped identify a number of 
enzymes that would be useful to study.       
The respiratory chain of F. johnsoniae has not been studied so far. The genomic sequence 
has evidence for the different components of the aerobic respiratory chain including Complex I, 
Complex II and the terminal oxidases[4]. There is however no evidence of the bc1 complex in the 
genome. Since there are genes for cytochrome c oxidases, it would be essential that there be an 
enzyme with quinol:cytochrome c oxidoreductase activity as well in the membranes. The only 
other enzyme that has been identified to do that is the alternative complex III [5]. The ACIII is a 
multi-subunit complex and some of its subunits resemble those of members of the Complex Iron-
Sulfur Molybdoenzyme (CISM) family [6]. The members of this family share a common 
structural architecture which includes a catalytic subunit with a molybdo-bis(pyranopterin 
guanine dinucleotide) (Mo-bisPGD) and a [4Fe-4S] cluster, an iron –sulfur cluster protein that 
has four cubane Fe-S clusters and a membrane bound protein [7].  The ACIII lacks the Mo-
	 62	
bisPGD, although it has the iron sulfur cluster protein and two copies of the membrane bound 
subunit.  
 Although no evidence of the ACIII has so far been found in the archaeal genomes, its 
genes are widespread in the bacterial kingdom [6]. In a lot of these genomes, including 
F.johnsoniae and other aerobic Bacteroidetes, the bc1 complex genes are absent. However, there 
are a few examples where the genes for both complexes are found eg. Thermus thermophilus. 
Another feature of these genomes is that, the ACIII genes are almost always followed by those 
for a cytochrome c oxidase [6].  
 The ACIII is multi-subunit complex and a functional analog of the bc1 complex. While 
they both carry out quinone oxidation and cytochrome c reduction, their mechanisms of doing so 
are very different. The bc1 complex is a three subunit complex with a cytochrome b subunit , a 
Rieske Iron sulfur cluster protein and a cytochrome c1 subunit. It is able to couple its reaction 
with proton transfer and contribute to the proton motive force, a process known as the Q-cycle. 
The ACIII on the other hand has 6-7 subunits with two cytochrome c subunits, a large 
periplasmic subunit with multiple Fe-S clusters and 3-4 transmembrane subunits with no 
cofactors [5, 8]. Thus, though the complexes as functionally similar, they are structurally 
different. The mechanism of the ACIII’s reaction and whether the reaction is coupled to energy 
conservation is unknown. 
 In the current study, the respiratory components of F.johnsoniae membranes grown under 
aerobic conditions were identified. The membranes and spheroplasts were then used as systems 
to see how the ACIII contributes to the bioenergetics of the organism. 
4.2 Materials and Methods 
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4.2.1.  Preparation of membranes        
 The cells of Flavobacterium johnsoniae were grown overnight in Casitone Yeast extract 
medium (CYE) at 30°C [9] under highly aerobic conditions. The cells were harvested and the 
cell pellet was resuspended in 20mM Tris HCl buffer (pH 8). Using a microfluidizer, the cells 
were lysed and the lysate was centrifuged 14000 g for 10 min to remove unbroken cells. 
Membranes were obtained after centrifugation at 230,000 g for 4h. 
4.2.2.  Preparation of spheroplasts and right side out membrane vesicles    
 Right side out membrane vesicles and spheroplasts were obtained using the method of 
Kaback [10] with minor changes. The cells were grown overnight and the harvested cell pellet 
was resuspended in 30mM Tris HCl buffer (pH 8).  30% sucrose (w/v) was added to the cell 
solution and stirred. Then 20µg/ml of lysozyme along with 10mM EDTA was added and the cell 
suspension was incubated at 37°C for 1.5 hours for spheroplast formation. Spheroplast formation 
was tested using turbidometry. The solution was centrifuged at 800g to collect spheroplasts. The 
spheroplasts were used for assays after being resuspended in a buffer with 30% sucrose (w/v). 
To make right side out vesicles, the spheroplasts obtained in the previous step, were 
subjected to osmotic lysis by suspending them in 50mM potassium phosphate buffer with 10mM 
MgSO4 and incubation at 37°C for 15 minutes. The membrane vesicles were collected after 
ultracentrifugation at 45000 g and resuspended in a small volume of 100mM potassium 
phosphate buffer (ph 6.5) with 10% glycerol. 
4.2.3. Oxygen consumption assay       
 Oxygen consumption was measured using a Clark electrode (Strathkelvin) in a 1ml 
chamber at 25°C. The membranes were added to a final concentration of 50mg/ml in                                     
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20mM Tris HCl buffer  and the reaction was started by adding a suitable electron donor. Assays 
were carried out using NADH (150µM final concentration) and succinate (5mM final 
concentration) as electron donors. In the given conditions, the concentration of oxygen in the 
chamber was calculated to be 237µM. 
4.2.4. Gel electrophoresis and heme staining       
 SDS-PAGE was carried out with the solubilized membranes using 4-10% precast gel 
(Nusep Tech). The gel was then stained for hemes using 3,3ʹ 5,5ʹ- tetramethylbenzidine (TMBZ) 
[11]. The gel was incubated in a solution of 6.3mM TMBZ in 15ml of methanol and 35ml of 
0.25M sodium acetate (pH 5.0) in dark, for about an hour.  Then H2O2 was added to a 
concentration of 30mM to visualize the bands. 
4.2.5. Reverse electron transport assay       
 The assay was carried out in a fluorescence spectrophotometer (Cary Eclipse,Agilent 
Technologies) at 30°C using a excitation wavelength of 337nm and an emission wavelength of 
464nm. The spheroplasts were suspended in 0.1M choline chloride, 5mM of 2-(N-
Morpholino)ethanesulfonic acid (MES), pH 6.5 along with 30% sucrose  and the formation of 
NADH was detected as previously described [12]. The reaction was started by the addition of 
5mM succinate to the spheroplasts. The formation of NADH from NAD+ was detected by 
measuring the fluorescence at 464nm. 
4.2.6. Assay using the cationic dye rhodamine123 
 The transmembrane potential (Δψ) was determined by the quenching of the cationic 
lipophilic dye rhodamine123. The assay was carried out in a fluorescence spectrophotometer 
(Cary Eclipse, Agilent Technologies) at 30°C. The right side out membrane vesicles were 
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suspended in 100mM potassium phosphate buffer, pH 6.5 (protein concentration = 
600µg/reaction) along with 2.5µM of rhodamine123. The reaction was started by addition of 
5mM succinate. The excitation wavelength for rhodamine was 504nm and the emission 
wavelength was 524nm [13].  The uncoupler carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP) was used to dissipate the Δψ. 
4.3. Results 
4.3.1.  The aerobic respiratory chain of Flavobacterium johnsoniae 
 The components of the respiratory chain of F.johnsoniae remain uncharacterized, 
although the genes for the respiratory enzymes have been identified in its genome [4]. The 
organism has genes for the type I and II NADH dehydrogenases and a succinate dehydrogenase, 
all of which would reduce the quinone in the membranes. The native quinone in the membranes 
of F.johnsoniae is menaquinone-6 [4, 14]. The organism lacks the genes for the bc1 complex and 
instead has the genes for the alternative complex III (ACIII) in its genome [5]. The genes for the 
cytochrome c oxidases aa3 and cbb3   and those for a bd quinol oxidase have also been identified 
[5]. Thus, the aerobic respiratory pathway of F.johnsoniae can have two branches - one where 
the electrons from menaquinol are passed onto the ACIII and then to the cytochrome c oxidases 
and the other where the electrons go directly from the menaquinol to the terminal oxidase 
(Figure. 4.1).   
4.3.2 UV visible spectroscopy 
 F.johnsoniae cells were grown under highly aerobic conditions and the membranes were 
collected after ultracentrifugation of the cell lysate (Materials and Methods). It was crucial to 
figure out which components of the respiratory chain were present in the membranes under the 
described growth conditions. Since most of the respiratory enzymes (except the NADH 
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dehydrogenases) are heme proteins, UV visible spectroscopy was carried out with the membrane 
fractions to look at their heme profile. The difference spectrum of the membranes shows the 
characteristic peaks for different types of hemes (Fig. 4.2.A). The alpha peak for heme b is seen 
at 560nm. There is a broad peak in the 600nm region which covers peaks for both heme d 
(630nm) and for heme a (605nm).  The Soret peak for heme a additionally shows up at 443nm. 
The most intense peaks are for heme c with the Soret peak at 426nm and the alpha peak at 
552nm, indicating that heme c is the most abundant heme in the membranes. This is further 
confirmed by using a pyridine hemochrome assay[15] to extract the hemes from the membrane 
proteins and quantitatively measure their concentrations. The assay shows that the hemes a, b 
and c are at a ratio of 1:10: 24 in membranes grown in the given conditions.   
 Since, the cytochrome aa3 is the only known heme a containing protein in F.johnsoniae 
[4, 16], its presence can be confirmed from the UV/visible spectroscopy.  The spectra also 
present evidence for the presence of the bd oxidase. The heme c indicates that either the cbb3 
oxidase or the ACIII or both could be present. The membranes need to be further analyzed by 
enzymatic assays to confirm these results. 
4.3.3. Oxygen consumption activity 
 The presence of the respiratory chain and its functionality can be tested by oxygen 
consumption assays using different substrates as electron donors. The membranes showed 
oxygen consumption activity in the presence of NADH and succinate (Table 4.1). On addition of 
100µM of KCN, the oxygen consumption activity decreased by 55% of the original activity.  
This indicates the presence of heme copper oxidases, which are sensitive to KCN at low 
concentrations [17]. The remaining oxygen consumption activity indicates the presence of a bd 
quinol oxidase in the membranes which is only inhibited by KCN at much higher concentrations 
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[18]. On the addition of 2mM KCN there is a complete inhibition of oxygen consumption. Thus, 
under the growth conditions used, there is evidence for the presence of a heme copper oxidase 
and the bd quinol oxidase in the membranes of F.johnsoniae. Since the UV-visible spectra shows 
peaks for heme a, the aa3 oxidase is present in the membranes. It is unknown however, if all of 
the heme copper oxidase fraction is present as the aa3 oxidase or if the cbb3 is also present in the 
membranes. 
4.3.4. Heme staining 
 To test for the presence of the cbb3 oxidase the membranes were subjected to SDS-PAGE 
to separate out the individual proteins. Following the electrophoresis, the gel was stained using 
TMBZ staining (Materials and Methods) to visualize the heme c containing proteins [11]. The 
genes for the cbb3 oxidase in F.johnsoniae encode for an 84 kDa subunit and a 34 kDa subunit. 
Both of these genes have a single heme c binding CXXCH motif. However heme staining of the 
gel did not show bands corresponding to either subunit (Figure 4.2.B). The two bands that stain 
positive for heme c belong to a 48kDa protein and a 19kDa protein.  These match up well with 
the cytochrome subunits of the ACIII, which is discussed in detail in chapter 5. The heme 
staining thus, confirms the absence of the cbb3 oxidase in the membranes when the cells are 
grown under highly aerobic conditions. 
4.3.5. Bioenergetics of the ACIII in F.johnsoniae 
 Having identified the aerobic respiratory chain components in the membranes of 
F.johnsoniae, their contribution to the bioenergetics of the organism was investigated next. 
While the well studied respiratory enzymes like NADH dehydrogenase[19] and the terminal 
oxidases [20, 21] are known to contribute to the proton motive force, there is no information on 
whether the ACIII can do the same. While proteoliposomal systems are the most ideal for these 
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experiments, an attempt was made to observe how the ACIII behaves in a native environment. 
This was done using two systems. 
i) Spheroplasts of F.johnsoniae 
An indirect method of qualitatively measuring the proton motive force across the 
membrane is looking at reverse electron transport (Figure 4.3). This takes place when the NADH 
dehydrogenase uses the established proton motive force to run its catalytic reaction in reverse to 
form NADH by the reduction of NAD+[12]. The assay was started by the addition of 5mM 
succinate to the spheroplasts. The reaction going from succinate to oxygen creates a proton 
motive force (contributed by the terminal oxidases), the energy from which is used to run the 
reverse electron flow, resulting in an increase in NADH (Figure 4.3.A). This was used as a 
positive control. When the same reaction was carried out in the presence of an uncoupler, CCCP, 
there was no increase in NADH (Figure 4.3.C) due the absence of a proton motive force. The 
reaction was then carried out in the presence of KCN, to inhibit the terminal oxidases, and horse 
heart cytochrome c. The ACIII quinol:cytochrome c oxidoreductase reaction would continue 
using external horse heart cytochrome c as the final electron acceptor. The reaction started by 
succinate, did not show any increase in NADH, similar to the negative control with CCCP 
(Figure 4.3.B). Thus, based on results with spheroplasts the ACIII reaction does not seem to 
contribute to the proton motive force. 
ii) Right side out membrane vesicles of F.johnsoniae      
 In addition to spheroplasts, right side out membrane vesicles were also used to test the 
contribution of the ACIII reaction to the proton motive force. The assay was carried out to test 
for the establishment of a membrane potential (ΔΨ), which is a component of the proton motive 
force, given the following equation, Δp = ΔΨ - 59ΔpH [22]. The cationic dye rhodamine123 was 
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used for the assay, and its fluorescence was followed at 524nm. On addition of succinate to the 
membrane vesicles, a decrease in rhodamine fluorescence occurs indicating the movement of the 
dye into the negatively charged interior of the vesicles as a result of Δψ (Figure 4.4.A). This 
charge difference occurs from the pumping of protons to the external side of the membrane by 
respiratory enzymes in the membranes. The fluorescence intensity returns to the original level 
when the ΔΨ is dissipated using CCCP (Figure.4.4.A).  In the presence of KCN to inhibit the 
oxidases and external horse heart cytochrome c to help the ACIII reaction proceed, there is no 
change in fluorescence levels on addition of succinate (Figure 4.4.B). To confirm that the ACIII 
reaction does actually take place, the assay was also followed by measuring the increase in 
absorbance of the horse heart cytochrome c at 550nm. The kcat was approximately calculated to 
be ~ 3 sec-1 (based on heme c concentration in the membranes which is contributed to entirely the 
ACIII according to previous results). This was a lot slower than the flux observed from succinate 
to oxygen which was ~ 20 sec-1. Thus, the ACIII reaction was a lot slower than oxygen 
consumption in the membranes. 
4.4. Discussion 
Flavobacterium johnsoniae is an obligate aerobe that belongs to the Bacteroidetes 
phylum. Its genome was completely sequenced in 2009 [4] and the genes encoding proteins 
involved in the central metabolism, including the respiratory proteins were identified. The 
organism has genes for two types of NADH dehydrogenases, the complex I and the NDH-2 [4]. 
The genome also reveals the presence of a succinate dehydrogenase. F.johnsoniae also has genes 
for three types of terminal oxidases. Two of these are cytochrome oxidases that belong to the 
heme copper oxidase superfamily, namely the aa3 oxidase and the cbb3 oxidase [23]. The aa3 is a 
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representative of the A family while the cbb3 belongs to the C family. The third terminal oxidase 
is a bd type quinol oxidase [18]. 
The genes for the canonical complex III or bc1 complex are absent in the genome and 
instead those for the alternative complex III (ACIII) have been identified [4]. The ACIII is a 
quinol: cytochrome c oxidoreductase just like the bc1 complex and has so far only been isolated 
from two thermophilic organisms, namely Rhodothermus marinus [5] and Chloroflexus 
aurantiacus [8]. F.johnsoniae on the other hand, is a mesophilic organism that is easy to grow 
and work with. In addition, there are recent developments in tools for genetic manipulation in 
this organism [9, 24]. In due course these may be useful in making deletions or adding tags to 
purify proteins for our studies. Thus F.johnsoniae offers an interesting alternative for studying 
this enzyme. Although it is described as an aerobe, the genes for the enzymes in the 
denitrification pathway are found in the genome [25]. Though the genes for the nitrate reductase, 
nitrite reductase and the nitric oxide reductase (NOR) are seen in the genome, the gene for the 
nitrous oxide reduction could not be identified. The NOR is a membrane bound enzyme and is 
also part of the heme copper superfamily [26].  
Based on the results from the current study, the membranes of F.johnsoniae grown under 
highly aerobic conditions clearly have the ACIII, the aa3 oxidase and the bd oxidase (Figure 4.2). 
The presence of the NADH and succinate dehydrogenases can also be confirmed from the 
oxygen consumption assays, where NADH and succinate are used as electron donors. The study 
also confirms the absence of the cbb3 oxidase in the membranes. It will be interesting to grow the 
cells under microaerophilic conditions [27], which is often when the cbb3 oxidases are expressed 
in other organisms, to see if the enzyme is present. 
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There have been studies on how the NADH dehydrogenase, the bc1 complex and the 
terminal oxidases contribute to energy conservation through proton transfer[20, 28-30]. However, 
it is not known if the ACIII reaction is coupled to energy conservation. Some of the subunits of 
the ACIII are similar to those that belong to the CISM family. The ACIII however, lacks 
molybdenum and has a number or extra subunits that are not found in other members of the 
CISM family, namely, the mono-heme and multi-heme cytochromes and the small membrane 
bound subunits [8, 31]. Some members are part of a redox-loop (requiring 2 redox partners 
sharing a quinone pool and jointly responsible for a charge difference across the membrane) [32], 
and there is one member that has a proposed proton channel [33]. 
The membranes and spheroplasts of F.johnsoniae are good systems to study the 
respiratory proteins in their native environment. The spheroplasts were used to test for generation 
of a proton motive force (Δp)  that can be indirectly measured using reverse electron transport 
(Figure 4.3). Reverse electron transport takes place when a Δp is already generated across the 
membranes and the energy from this is used to run the reaction of the complex I backwards. 
Although it is an indirect measurement of Δp, NADH formation can be clearly detected as it 
fluorescent and NAD+ is not. The formation of Δp in of our experiments results from the addition 
of succinate to the spheroplasts. The electrons from succinate are transferred onto oxygen 
through the succinate dehydrogenase, the ACIII and the terminal oxygen reductase. It was seen 
that while reverse electron transport resulted in NADH formation incase of oxygen consumption 
(Figure.4.3.A), the ACIII reaction did not show any NADH formation, (Figure.4.3.B) indicating 
absence of a proton motive force.  
As a means to alternatively test for the proton motive force, membrane vesicles were 
used along with a cationic dye, rhodamine. Membrane potential (Δψ), is a component of Δp 
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along with the pH gradient (ΔpH), in the following way, Δp = Δψ -59ΔpH. Rhodamine is a 
potential-sensitive dye, which would enter the vesicles when the interior becomes negative on 
account of pumping protons outside the membrane. This is seen as a decrease in rhodamine 
fluorescence when oxygen consumption takes place with the addition of succinate (Figure 4.4.A). 
However, when the ACIII reaction is looked at separately, there is no evidence of a membrane 
potential being generated (Figure 4.4.B).   
We noticed some inconsistency while using valinomycin to dissipate membrane potential 
with the membrane vesicles. Valinomycin is an ionophore that specifically moves potassium ions 
across the membrane and dissipates the membrane potential. When used in place of CCCP, there 
was an anomalous increase in fluorescence even under conditions where there was no membrane 
potential being generated eg. when malate was used a donor instead of succinate with no 
decrease in fluorescence. The ACIII reaction, with valinomycin behaved in a similar fashion. 
Valinomycin has been known to have inconsistent results with membrane vesicles [34, 35] from 
Escherichia coli and hence the data from experiments with was not considered conclusive. The 
other potential issue could be the use of succinate as an electron donor. Succinate has a midpoint 
potential of  +24mV, while that for menaquinone is  -80mV, which means menaquinone 
reduction by succinate would be an endergonic reaction. This is the expected reaction for 
succinate dehydrogenase in all menaquinone containing organisms. There have been studies both 
supporting [36, 37]and contradicting this [38] , hence it is unclear whether the reaction is 
endergonic in F.johnsoniae and if that affects the outcome of our experiments. 
Taking together results from the spheroplasts and the membrane vesicles, the ACIII 
reaction does not seem to be coupled to energy conservation. However, both these systems have 
other components of the membrane that could potentially interfere with the reaction. Therefore, 
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using a system like proteoliposomes where only the ACIII is in the membranes would be a more 
conclusive way of determining how the ACIII contributes to the bioenergetics of the organism. 
Hence efforts were directed toward purification and characterization of the ACIII from 
F.johsoniae, and these are discussed in chapter 5. 
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Figures and Tables 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Schematic of the aerobic respiratory chain of F.johnsoniae. The menaquinol has 
two pathways by which to deliver electrons to the terminal oxidase. One is by transferring the 
electrons to the ACIII, which then delivers electrons to the terminal oxidase using a periplasmic 
electron carrier. The second pathway is where the menaquinol directly takes electrons to the 
terminal oxidase. 
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Figure 4.2. UV/visible spectroscopy and SDS-PAGE with the membranes from 
Flavobacterium johnsoniae. (A)The difference spectrum of the membranes of F.johnsoniae was 
obtained from the spectrum of the air-oxidized membranes and the spectrum after reduction with 
dithionite. The wavelengths associated with the heme peaks are indicated in the figure. (B) SDS-
PAGE with the membranes followed by staining the gel for hemes. 
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Figure 4.3.  Reverse electron transport in the membranes of F.johnsoniae. The addition 
succinate starts the sequence of electron transfer reactions going from succinate to oxygen. The 
terminal oxidase can pump protons across the membrane and create a proton motive force. The 
energy conserved in the proton motive force is used by complex I to run its reaction in reverse to 
reduce NAD+ to NADH and a resultant increase in NADH concentration. 
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Figure 4.4. NADH fluorescence measured in spheroplasts of F.johnsoniae. (A) The 
spheroplasts show an increase in NADH fluorescence on addition of 5mM of succinate. (B) The 
spheroplasts in presence of 1mM KCN and 50µM horse heart cytochrome c. (C) The 
spheroplasts in the presence of 2.5µM of CCCP (negative control). 
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Figure 4.5. Membrane potential generation (ΔΨ) in right side out vesicles of F.johnsoniae 
measured using Rhodamine123 fluorescence. (A) The generation of ΔΨ seen as a decrease in 
fluorescence intensity of rhodamine on adding 5mM succinate, which is dissipated by adding 
2.5µM CCCP (B) The fluorescence intensity measured in presence of 1mM KCN and 50µM 
horse heart cytochrome c. 
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CHAPTER 5: ISOLATION AND CHARACTERIZATION OF THE ALTERNATIVE 
COMPLEX III FROM FLAVOBACTERIUM JOHNSONIAE AND ITS SUPERCOMPLEX 
WITH THE CYTOCHROME AA3 OXIDASE 
5.1 Introduction  
The previous chapter dealt with the aerobic respiratory components of F. johnsoniae and 
the role of the alternative complex III (ACIII) in its bioenergetics. The ACIII has only been 
isolated from two thermophilic organisms before this [1, 2]. F. johnsoniae is a mesophilic marine 
bacterium that has been used as a model system to study gliding motility [3] and polysaccharide 
digesting enzymes in Bacteroidetes [4]. There are genetic tools available for manipulation of the 
organism hence it would serve as a new system for studying the ACIII [5]. 
The ACIII is a functional analog of the bc1 complex made up of 6 or 7 subunits. The 
different subunits bear no similarities to those of the bc1 complex but resemble the subunits of 
members of the Complex Iron sulfur Molybdoenzyme (CISM) family of enzymes [6]. The iron 
sulfur cluster containing protein and the membrane-bound subunit with the quinone binding site 
are similar to those found in CISM family [7]. Critically though, the iron sulfur cluster protein 
from ACIII lacks the molybdopterin cofactor which is part of the catalytic subunit of the CISM 
family enzymes [2, 8].  
The ACIII genes are widespread in the bacterial kingdom [7]. They are almost always 
followed by the genes for a cytochrome oxidase [7]. Depending on the organism and growth 
conditions, the electron acceptor for the ACIII reaction could differ. In the filamentous 
phototroph Chloroflexus aurantiacus, electrons are passed on from the ACIII to a blue copper 
protein auracyanin and then eventually used to reduce the reaction center under photosynthetic 
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conditions and the terminal oxidase under respiratory conditions [9]. The ACIII from 
Rhodothermus marinus, meanwhile passes the electrons directly to the cytochrome caa3 oxidase 
[10].  While the ACIII and the bc1 can both carry out quinol oxidation and cytochrome c 
reduction, their mechanisms of doing so are probably very different since the two complexes are 
structurally very different. The bc1 complex has a cytochrome b subunit, a Rieske Iron sulfur 
cluster subunit and a cytochrome c1 subunit. The cytochrome b subunit has 2 quinone binding 
sites and membrane-bound heme cofactors which are required for the Q-cycle mechanism, which 
generates a proton gradient across the membrane and contributes to the proton motive force [11]. 
The ACIII has no membrane-bound cofactors to enable charge transfer the way the bc1 complex 
does. Structural information about the ACIII could help in elucidating the mechanism of its 
reaction.    
 Its been previously seen that respiratory proteins can exist as supercomplexes in 
mitochondria  [12-14] eg. the respirasome containing Complex I, Complex III and Complex IV 
and in bacteria eg. the bcc-aa3 supercomplex in Corynebacterium glutamicum. While their 
presence has been conclusively established, their physiological relevance is still being 
investigated. The most popular hypothesis is that of substrate channeling [15] which transfers 
substrates within enzymes of the supercomplex without it diffusing into the environment. This 
could improve the overall efficiency of the supercomplex by controlling where the substrate goes, 
by pulling forward an energetically uphill reaction or for immediate turnover of unstable 
intermediates. However it remains to be proven if substrate channeling takes place in 
supercomplexes. The supercomplexes isolated from mitochondria have weak interactions and 
easily fall apart in the presence of strong detergents [13]. Hence, in most experiments the mild 
detergent digitonin is used to solubilize the proteins from the membranes. In contrast, the 
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supercomplexes isolated from some bacteria can form very stable associations, which remain 
intact even in the presence of strong detergents like Dodecyl maltoside (DDM) [14, 16].  
 Since there is an indication of a functional association between the ACIII and the aa3 in 
the membranes of F.johnsoniae (based on results from chapter 4) we looked for structural 
association between the two complexes in the form of a supercomplex. The ACIII is a ~300 kDa 
complex and the aa3 oxidase is a 170 kDa complex. A supercomplex of these two proteins would 
thus, be an ideal candidate for structural studies using cryo-electron microscopy, which is usually 
suitable for large proteins [17]. For this purpose, we wanted a monodisperse preparation of the 
supercomplex that would be suitable for structure determination using cryo- electron microscopy. 
Attempts were made to purify the complexes using either the non-ionic detergent DDM or the 
styrene maleic acid (SMA) copolymer. While the use of detergents in purification of membrane 
proteins is extremely common and well documented [18], the SMA copolymer has only recently 
been used for this purpose [19]. The SMA copolymer is amphipathic due to the hydrophobic 
styrene units and the hydrophilic carboxyl/carboxylate groups. It inserts into the membrane and 
forms nanodiscs of the membrane proteins along with the associated lipids by wrapping around 
them. The nanodiscs are between 10-14 nm and are suitable for use in different methods like 
negative staining electron microscopy[20] and cryo-electron microscopy [21].    
 This study details the purification of the supercomplex of the ACIII and aa3 oxidase from 
F.johnsoniae and its biochemical characterization using the detergent DDM and the SMA 
copolymer. The preparation using the SMA copolymer is should be suitable for use in structure 
determination. 
5.2 Materials and Methods 
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5.2.1 Bacterial strain and growth conditions 
F. johnsoniae ATCC 17061T strain UW101 was the wild-type strain used in this study. 
The cells were grown under highly aerobic conditions (500 ml cultures in 2 L flasks) in 
Casitone-yeast extract (CYE) medium at 30°C [22]. The overnight grown cells were collected by 
centrifugation at 11200 g.  
5.2.2 Membrane preparation and protein purification using DDM 
The cell pellet was resuspended in  buffer A (20mM Tris-HCl buffer, pH 8) with 5mM 
MgSO4, DNAse I and a protease inhibitor cocktail (Sigma). This was passed thrice through a 
microfluidizer at a pressure of 80,000 psi to disrupt the cells. The cell extract was centrifuged 
14000 g for 10 min to remove unbroken cells. Membranes were obtained after centrifugation at 
230,000 g for 4 h. The pellet was resuspended in buffer A (~50 mg/ml) along with protease 
inhibitor cocktail and solubilized by addition of Triton X-100 to a final concentration of 4%. The 
solution was incubated at 4°C for 2 h with mild agitation. The suspension was cleared by 
centrifugation at 230,000 g for 1h. The supernatant was diluted to 4 times its volume to dilute the 
detergent. It was then added to a Ni-NTA resin (Qiagen) pre-equilibrated with buffer A 
containing 0.05% Triton X-100 and 0.15 M NaCl (buffer B) . The resin was extensively washed 
with buffer B to remove any unbound sample. Detergent exchange was carried out using buffer 
with the same composition as buffer B but with 0.05% dodecyl maltoside (DDM) instead of 
Triton (buffer C). The column was washed extensively with 10mM imidazole to remove any 
impurities. The bound proteins were eluted using 100mM imidazole in buffer C.  The eluent was 
concentrated using Amicon filters and the excess imidazole was removed by dialysis against 
buffer C. The purified sample was also run on a gel filtration column (Superdex 200 10/300 GE) 
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to. The sample could be stored frozen at -80°C after the addition of glycerol to a final 
concentration of 10%.  
5.2.3 Protein purification using the SMA copolymer       
 The membranes were obtained as described above. They were then resuspended in buffer 
A along with 300mM NaCl and solubilized by adding the SMA (3:1) solution dropwise to a final 
concentration of 1%. The solution was incubated for an hour at room temperature with 
continuous stirring. Following ultracentrifugation at 230,000g for 1 hour, the supernatant was 
collected and applied to a Ni-NTA column pre-equilibrated with buffer A along with 150mM 
NaCl (buffer D). The column was then washed extensively, first with buffer D to remove 
unbound proteins and then with buffer D containing10mM imidazole to remove other impurities. 
The sample was eluted with 100mM imidazole in buffer D and concentrated in Amicon filters. 
Overnight dialysis was carried out with buffer D to remove the excess imidazole. The samples 
were stored at -80°C in buffer D containing 10% glycerol.  
5.2.4 Analytical methods 
Protein concentration was determined using the BCA kit (Thermo Scientific, Pierce 
Protein Research Products). The UV–visible spectra of the oxidized and reduced proteins were 
recorded on an Agilent Technologies spectrophotometer (model 8453). The pyridine 
hemochrome assay [23]was performed to determine the amounts of hemes present in the sample.  
The proteins in eluted sample were analyzed by SDS-PAGE using a 4-20% precast gel (Nusep 
Tech). Blue Native PAGE was carried out to detect supercomplex formation using the Native 
PAGE gel system (Novex, Life Technologies). A 4-16% gel was used with Bis Tris buffer. The 
Coomassie blue in running buffer stains the entire gel which is then fixed with 30% methanol 
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and 10% glacical acetic acid. The gel is then destained with 8% glacial acetic acid to visualize 
the bands. Additionally cytochrome oxidase staining was carried out on the gel to test for the 
presence of the oxidases in the bands[24].  The gel was soaked in 1mg/ml 3,3ʹ-diaminobenzidine, 
24 units/ml catalase, 1mg/ml cytochrome c and 75 mg/ml sucrose in 20mM Tris-HCl  for 3 hours 
to observe the bands.   
5.2.5 Oxygen consumption assay 
Oxygen consumption was measured using a Clark electrode (Strathkelvin) in a 1ml 
chamber at 25°C. The reaction mix consisted of 300µM of coenzyme Q1 and 5mM of 
Dithiothreitol (DTT) in 0.1M potassium phosphate buffer with 150mM NaCl and saturated with 
oxygen. The reaction was started by adding purified protein into the chamber. In the given 
conditions, the concentration of oxygen was calculated to be 237µM. 
5.2.5 Quinol – cytochrome c oxidoreductase activity 
The quinol cytochrome c oxidoreductase activity of the ACIII was measured 
spectrophotometrically. The reaction was carried out in a 2ml anaerobic cuvette, at 25°C in 
50mM potassium phosphate buffer in the presence of 50µM horse heart cytochrome c and 
200µM KCN. Coenzyme Q1 and Vitamin K2  were used as quinone substrates and in each case, 
the quinone was reduced using sodium borohydride according to the method of Ragan [25]. The 
reaction was started by the addition of 100µM of the reduced quinone.  
5.2.6 EPR spectroscopy 
The purified ACIII:aa3 supercomplex was dialyzed against buffer with 20mM Tris-HCl 
(pH 8), 150mM NaCl  and 1 mM EDTA extensively to get rid of adventitious transition metal 
ions. Air-oxidized sample was directly transferred to an X-band EPR tube and subsequently 
frozen in liquid nitrogen. The sample was oxidized completely by addition of 2 mM potassium 
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ferricyanide and fully reduced by the addition of 20 mM sodium dithionite. 5% glycerol was 
present in all EPR samples. Continuous Wave (CW) EPR measurements were carried out on an 
X-band Varian EPR-E122 spectrometer at the Electron Paramagnetic Resonance lab at UIUC. 
Cryogenic conditions below 77K were achieved with a regulated flow of helium gas and 
monitored with a LakeShore 331 Temperature controller. 
5.2.7 Metal Analysis 
 Metal Analysis was carried out using inductively coupled plasma mass spectrometry 
(ICP-MS). The analysis was carried out by Dr. Jonathan Hosler at the University of Mississippi. 
The sample was dialysed into buffer with 10mM Tris-HCl and no salt. 
5.2.8 Optical Redox Titration 
Full spectrum redox titrations were performed to determine the midpoint potentials (Em) 
of redox-active cytochromes in ACIII-aa3 complex from Flavobacterium johnsoniae UW101. 
Purified ACIII-cyt aa3 complex was suspended in 4 ml of 50 mM potassium phosphate buffer 
(pH 7.0) to a concentration of 3 µM with 25 µM each of following redox mediators; benzyl 
viologen (Em,7=-350 mV), anthorquinone-2-sulfonate (Em,7=-225 mV), 2-hydroxy-1,4-
naphthoquinone (Em,7=-220 mV), 9,10-anthroquinone-2,6-disulfonate (Em,7=-185 mV), 
duroquinone (Em,7=5 mV), N-ethylphenazonium	ethosulfate (Em,7=65 mV), N-methylphenazonium	methosulfate (Em,7=85 mV), diaminodurene (Em,7=275 mV), 2,6-
dimethyl benzoquinone (Em,7=180 mV),  1,2-napthoquinone (Em,7=143 mV), and 1,4-
napthoquinone (Em,7=36 mV). Titrations were performed in a stirred cuvette under anaerobic 
condition, and the redox potential was adjusted by injecting aliquots of 10 mM sodium dithionite 
and potassium ferricyanide as reductant and oxidant, respectively. Spectra were taken at 
approximately 10-20 mV increments over the titration range indicated. Spectral changes of 
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hemes upon reduction and oxidation were monitored at the corresponding maxima at the α-bands 
to determine the midpoint potentials of each heme center. The data sets were analyzed using 
Origin™ (Origin Lab Corporation) for the analysis of spectral components and the titration 
curves to find the best fits for midpoint potentials.  
5.3 Results 
5.3.1 Gene Analysis 
 The genome of Flavobacterium johnsoniae encodes genes for two terminal cytochrome c 
oxidases, the aa3 and the cbb3 as well as the bd type quinol oxidase [26]. The organism also has 
the genes for the Alternative Complex III (ACIII), the only known functional analog of the bc1 
complex [7].  The genes were similar to the ones found in R. marinus and C. aurantiacus, with a 
few differences [1, 27]. There are six act genes in the ACIII operon going from A to F (Fig.5.1). 
The first gene in the operon is actA, encoding for a multiheme cytochrome subunit with the 
sequence containing six CXXCH heme c binding motifs. Using transmembrane helix prediction 
software [28], Act A is predicted to have three transmembrane helices and a periplasmic region. 
The second gene, actB encodes for an iron-sulfur cluster - containing protein, that is periplasmic 
in location. ActC and ActF are membrane - bound subunits and are predicted to have ten 
transmembrane helices each.  The actD gene encodes for a small protein of unknown function 
and has two transmembrane helices. The last gene, actE,  has one CXXCH motif for binding a 
single heme c and encodes for a periplasmic cytochrome protein. Unlike both R.marinus and 
C.aurantiacus, the ACIII operon for F.johnsoniae lacks the actG gene. 
 The ACIII genes are immediately followed by genes for the cytochrome aa3 oxidase. This 
is the case in most organisms that have genes for the ACIII[7]. The genes for subunits II and 
subunit I are in the same operon as the ACIII genes. The subunit II has a CuA motif 
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CXXXHXXM [29] indicating that it receives electrons from a cytochrome c. It is predicted to 
have four transmembrane helices and a periplasmic C-terminal region. The subunit I has 12 
transmembrane helices and the conserved histidine residues that serve as ligands for the 
prosthetic heme groups [30]. The genes for the subunits III and IV are found about 17 genes 
downstream of those for subunits I and II. Each of these proteins has 5 transmembrane helices. 
5.3.2 Protein purification and UV/visible spectroscopy 
 The DDM- solubilized membranes were applied to a Ni-NTA column and washed with 
increasing amounts of imidazole. All the fractions were collected and analyzed for heme a from 
the aa3 and heme c from the ACIII using a pyridine hemochrome assay. It was seen that the aa3 
bound really well to the column and eluted at around 50mM imidazole. The aa3 oxidase has a 
natural affinity to the Ni column much like other heme copper oxidases. The strategy was to 
isolate the aa3 and see if the ACIII was also co-purified. The ACIII would elute at around 15mM 
imidazole. Thus, to obtain a pure prep maintaining a stable association of the ACIII and aa3 the 
column was washed extensively with 10mM imidazole and then the bound proteins were eluted. 
The heme profile of the eluted sample was observed using UV-visible spectroscopy. The 
oxidized and reduced spectra show absorbance peaks typical for heme c and heme a containing 
proteins (Fig.5. 2).  The Soret peak at 412 nm shifts to 418nm on reduction with dithionite. The 
alpha and beta peaks for heme c at 524 nm and 552 nm respectively show up in the reduced 
spectrum. The spectra also show the peaks for heme a at 443nm and at 605nm. The eluted 
sample thus shows evidence for the presence of both the ACIII and the aa3 oxidase. 
5.3.3 SDS PAGE and Blue Native PAGE 
 The purified sample was run using polyacrylamide gel electrophoresis (PAGE) to test the 
purity and subunit composition. When run under denaturing conditions using SDS in the buffers, 
		 93	
all the subunits of the two complexes run at the expected sizes, calculated based on their amino 
acid sequences (Fig.5.3.A). The darkest band running at 110 kDa is the ActB protein, which is a 
large, peripheral iron-sulfur cluster containing subunit of the ACIII.  The ActA and ActE 
proteins are the two cytochrome subunits of ACIII and run at 48kDa and at 18kDa. Their 
presence is further confirmed by staining the gel for hemes (Fig. 5.3.B.(i)).  The remaining 
subunits of the ACIII complex, the ActC, ActF and ActD are the membrane bound subunits. The 
ActC and ActF are both close to 53 kDa and run as two faint bands very close to each other. The 
Act D subunit runs at the expected size of 20 kDa. The bands for the two cytochrome subunits 
ActA and ActE stain positively for hemes when incubated with TMBZ [31]. The presence of 
some of the subunits was also confirmed by mass spectrometry with relatively high scores for the 
periplasmic subunits in comparison to the membrane bound subunits.  
 In addition, a Blue Native PAGE was carried out to see if the proteins indeed form a 
supercomplex. The native PAGE shows a band running at around 480 kDa, which is close to the 
expected size of 474 kDa for the supercomplex (Fig. 5.4.A). To confirm that the band has the aa3 
oxidase, the gel was stained for cytochrome c oxidase activity. The band for the supercomplex 
stained positive for cytochrome c oxidase activity. (Figure.5.4.B)  
5.3.4. Enzyme activity 
 Enzyme assays were carried out with the enzyme preparation to test if the ACIII and the 
aa3 were functionally associated. This was tested by looking for oxygen consumption activity 
when reduced quinone was added as a substrate for the ACIII. The quinone used was coenzyme 
Q1 , though the native quinone in the membranes of F.johnsoniae is menaquinone. This is 
because menaquinone is prone to auto-oxidation, due to its low midpoint potential, and is 
unsuitable for use under the high oxidative conditions of the assay[32]. However, reduced Q1 
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works as a good electron donor and oxygen consumption by the oxidase can be measured (Table 
5.1). The oxygen consumption is inhibited in the presence of 50µM KCN, indicating the activity 
is that of a heme copper oxidase [33].  
Since functional association was established, the activity of the individual complexes was 
also tested. The activity of the aa3 oxidase was tested in the presence of TMPD and ascorbate 
(Table 5.1). The ascorbate would reduce the TMPD, which could by pass the ACIII to directly 
donate electrons to the catalytic center of the aa3 oxidase. The ACIII reaction was tested using 
reduced Q1 and reduced menaquinone-4 (Vitamin K2) (Table 5.2). To specifically prevent the 
electrons from being transferred to the aa3 oxidase the proteins were incubated with 100µM 
KCN to inhibit the oxidase. The assay was carried out in the presence of 50µM horse heart 
cytochrome c, which would serve as the electron acceptor for the ACIII. The reaction was started 
by the addition of 100µM of the reduced quinone and the reduction of the cytochrome c was 
measured as an increase in absorption at 550nm. 
5.3.5. Electron Paramagnetic Resonance (EPR) analysis 
 A 4000-Gauss wide CW EPR scan was carried out with the air-oxidized and after 
reduction with dithionite (Fig .5.4). The air oxidized spectrum (Figure 5.4.A) shows resonances 
characteristic to low spin ferric hemes with gXX around 2.93 and gYY around 2.24. In addition, a 
peak with a g value of 2.01 was seen. This can be attributed to the [3Fe-4S]  cluster based on 
evidence of this cluster with the same g value in the ACIII from R.marinus and the Qrc complex 
from Desulfovibrio vulgaris [1, 34]. The behavior of this signal is also similar to the one from 
Rhodothermus.marinus in that the peak starts to broadening as the temperature increases above 
10K [1]. In addition, this signal survived the oxidation treatment with ferricyanide (data not 
shown) and disappeared totally when dithionite was added (Fig 5.4C). Cytochrome oxidases 
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usually show a unique signal at a g value of 2.03  attributed to the CuA  center. There is evidence 
for the CuA center from the aa3 oxidase at g values of 2.17, 2.03 and 1.97 [35, 36]. 
5.3.6. Metal Analysis 
 To identify the cofactors associated with the proteins, a metal analysis was carried out. 
Similar to the ACIIIs’ from R.marinus and C.aurantiacus, the ACIII in F.johnsoniae did not 
show any traces of molybdenum[2, 8]. The irons associated with the supercomplex were 
calculated to be ~ 23 Fe per mol of the supercomplex. The ACIII from R.marinus was found to 
have 21 Fe per mol of protein, indicating the two complexes are very similar [8]. Based on the 
sequence analysis and pyridine hemochrome analysis, the number of c hemes in with the ACIII 
is   ~ 7 and the number of a hemes in the aa3 oxidase is ~2, which means 9 iron atoms belong to 
the hemes, leaving 14 non-heme iron atoms for the Fe-S clusters from the ACIII. The EPR 
spectroscopy confirms the presence of [3Fe-4S] cluster similar to that from the ACIII in 
R.marinus [1]. Based on the sequence analysis of ACIIIs from different organisms, there are 
binding motifs for one [3Fe-4S] and three [4Fe-4S] clusters [37]. The extra Fe found in the metal 
analysis can be accounted for by three [4Fe-4S] clusters. 
5.3.7.  Redox titration 
Potentiometric redox titrations of hemes in the supercomplex were carried out at pH 7.0, 
and the midpoint potentials (Em) for the c hemes of ACIII and a hemes of the aa3 oxidase were 
determined by fitting the redox titrations using a single-electron Nernst equation. The redox 
titration of the c hemes using a λmax at 553 nm displayed four distinct Em values; -254, -155, 154 
and 326 mV versus NHE. The intensity ratio of the redox components in the redox titration plot 
was 1:1:2:3, indicating that the ACIII contains approximately seven c hemes (assuming similar 
extinction coefficients for all of them) (Figure 5.5.A). For the aa3 oxidase, the α-band with a λmax 
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at 606 nm was used for the titration of the a hemes. The band titrated with midpoint potentials of 
331 and 439 mV with a ratio of 1:1 for the hemes (Figure 5.5.B). The results from the 
potentiometry match well with the heme predictions from the sequence and the calculations from 
the pyridine hemochrome assay for both types of hemes. 
5.3.8. The DDM-SOLUBILIZED ACIII:aa3 supercomplex is not homogenous  
 The ACIII and aa3 oxidase were able to form a stable supercomplex with evidence for 
both functional and structural significance. However, when the sample was applied to a size 
exclusion column, there were multiple peaks in the elution profile with an intense peak for 
aggregated protein (Figure 5.6.A). This indicates that the supercomplex in DDM is not a 
homogenous population. Since it is important that the sample be homogenous to carry out studies 
for structure determination, we explored an alternative option for solubilization and better 
stability of the proteins.  
5.3.9. Use of the SMA copolymer for isolating the ACIII:aa3 supercomplex 
The SMA copolymer has previously been used with membrane proteins for structural 
studies using electron microscopy [20, 21]. The advantage of using the polymer is that it forms 
nanodiscs that keep the protein in an environment close to its native form in relation to the harsh 
effects of detergent solubilization [19]. The membranes of F.johnsoniae were incubated with the 
SMA copolymer and then applied to the Ni-NTA column. The sample was then washed and 
eluted using the same conditions as described for the DDM solubilized sample. The resultant 
preparation has the two complexes in a 1:1 ratio (as indicated by heme concentrations). The 
biochemical properties of the supercomplex with the SMA (nanodiscs) were very similar to those 
observed with the DDM-sample (Figure 5.7). The SMA nanodiscs of the supercomplex are more 
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stable than the supercomplex in DDM as evidenced by their relative activities (Table 5.3). The 
supercomplex in SMA has a specific activity that is about 2.5 times higher than in detergent.  
The nanodiscs were also tested for the effect of freezing on their stability. The activity of the 
supercomplex was maintained through at least two freeze-thaw cycles. 
Importantly, it was seen that the nanodiscs showed two distinct populations associated 
with two sharp peaks in the gel filtration (Figure.5.6.B). These fractions corresponding to the 
peaks were pooled and individually gave monodisperse populations (Figure.5.6.C) and 
(Figure.5.6.D). When the fractions after gel filtration were run on an SDS-PAGE they had the 
same profile as the  initial preparation of nanodiscs, indicating that all the components of the 
supercomplex were retained. When initial preparation of the nanodiscs were run on a Blue 
Native-PAGE, it showed two distinct bands, one close to 500kDa and the other close 1000kDa 
(Figure 5.8.B(i)). The fractions corresponding to the two peaks after gel filtration were also run 
on an a Blue Native PAGE. It was seen that fraction corresponding to peak I ran close to 
1000kDa and the fraction corresponding to peak II ran close to 500kDa (Figure 5.8.B.(ii) and 
(iii)). All through the gel filtration, the elution profiles were followed using wavelengths specific 
for heme c and heme a. It was observed that the heme ratios remained constant through all stages 
of the chromatography indicating that two complexes remain associated with each other.  
5.4 Discussion 
 The ACIII and aa3 oxidase from F.johnsoniae show evidence of functional association in 
experiments with the membrane vesicles from the organism (chapter 4). In an attempt to observe 
this association in vitro, the membranes were solubilized and the complexes were isolated using 
a Ni-NTA column. Heme copper oxidases have been observed to have a natural affinity for the 
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Ni resin, often occurring as interfering impurities while purifying other his-tagged proteins. We 
attempted to exploit this property of the aa3 oxidase to isolate the tagless protein from the 
column. As predicted,  not only did the aa3 oxidase bind to the column, but due to its structural 
association with the ACIII, both complexes could be isolated together. The two complexes form 
a stable respiratory supercomplex.    
Respiratory supercomplexes have been characterized in both prokaryotes and 
mitochondria,leading to a lot of interest in their physiological relevance. The most popular 
hypothesis is that of substrate channeling which is the efficient transfer of substrates from one 
complex to another without diffusing out into the surrounding environment, but it remains to be 
proven [15].  Some bacterial respiratory complexes in general have been observed to be more 
stable than the mitochondrial complexes. The mitochondrial complexes can only be solubilized 
in the presence of mild detergents like digitonin [13]. In contrast, bacterial supercomplexes are 
more stable and can withstand treatment with strong detergents like DDM, as shown in the 
current study along with other examples [38] 
 The structural association of the supercomplex of ACIII and aa3 from F.johnsoniae was 
determined using spectroscopy and electrophoreses. The two complexes are able to carry out 
their reactions individually and in a coupled manner where the substrate for the ACIII is added 
and the oxygen consumption by the aa3 oxidase is measured. This functional association 
observed in vitro validates the same result from membrane vesicles (chapter 4). 
The ACIII has been previously isolated from Rhodothermus marinus and Chloroflexus 
aurantiacus [1, 2], hence the results from our study were used to compare all three complexes. 
The EPR spectroscopy with the air oxidized supercomplex shows intense signals that arise from 
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two different species. The peak with the g = 2.01 resembles the signal for the [3Fe-4S] from the 
ACIII from R.marinus [1] and the Qrc complex from Desulfovibrio vulgaris. The signals at g = 
2.17, 2.03 and 1.97 are similar to those observed for the CuA from cytochrome oxidase 
previously and can be attributed to the CuA of the aa3 oxidase.  The midpoint potentials for the 
hemes of the supercomplex cover a wide range from -254 mV to 439 mV. The Em values of -254, 
-155, +154 and +326 for the heme c are similar to those seen for the ACIII from C.aurantiacus. 
The lowest midpoint potential of the heme c is lower than that of the electron donor 
menaquinone (-80 mV) in both organisms indicating that transfer of electrons to this heme would 
be an energetically uphill process. Its possible that physiologically the electrons do not go 
directly from the menaquinone to the heme c, but to the [3Fe-4S] cluster in ActB which has a 
midpoint potential of  +140mV in R.marinus [1].  
The metal analysis of the supercomplex of ACIII and aa3 oxidase revealed there were 3 
mols of Cu per mol of supercomplex.This matches well with the 2 Cu atoms from CuA and 1 Cu 
from CuB of the aa3 oxidase as is expected from cytochrome oxidases [39]. There was no 
molybdenum, just like in case of the ACIIIs from C.aurantiacus and R.marinus, indicating the 
ACIII is different from the members of the Complex Iron sulfur molybdoenzyme family (CISM) 
although two of its subunits are similar to the enzymes of this family [2, 6-8]. The metal analysis 
also indicates ~ 23 mols of Fe per mol supercomplex. Two of those belong to the heme irons of 
the a hemes from the aa3 oxidase leaving ~ 21 for the ACIII. This is similar to the 21 Fe per mol 
protein from R.marinus [8] and 17 Fe per mol protein in C.aurantiacus. There is evidence for a 
[3Fe-4S] cluster from EPR spectroscopy from the ACIII in F.johnsoniae (Figure 5.4.A) and that 
of R.marinus [1]. According to sequence analysis, the ACIIIs are predicted to one binding site 
for [3Fe-4S] and 2-3 binding sites for [4Fe-4S] clusters [8, 37]. The third site is unusual in 
		 100	
having 26-33 residues in between the conserved cysteines in the binding sequence of the [4Fe-
4S] cluster in comparison to the usual 11-12 residues found for other CISM family enzymes [37]. 
The metal analysis from both F.johsoniae and R.marinus accounts for three [4Fe- 4S] clusters. In 
both cases however, the [4Fe-4S] clusters are not visible during EPR spectroscopy (Figure 5.4.B) 
[1, 8]. The presence of these clusters therefore remains to be confirmed, although chemical 
quantification and sequence analysis strongly suggests their presence [40].  
Though the supercomplex isolated in the detergent DDM was useful for characterization, 
the prep did not behave well on a gel filtration column. There was an intense peak indicating 
protein aggregation and multiple heme peaks indicating a heterogenous population of the sample. 
Such a prep would not be suitable for structure determination using microscopy or other methods. 
To solve this issue, the supercomplex was isolated using a styrene maleic acid (SMA) copolymer 
as solubilizing agent in place of the detergent DDM. SMA has previously been used for isolating 
membrane proteins for structural studies using microscopy [20, 21]. The SMA copolymer is 
anionic due to presence the carboxyl groups and binds to the membrane surface in a salt 
dependent manner [19]. After inserting into the membrane the anionic SMA reaches the 
hydrophobic core and the thermodynamically favorable process of nanodisc formation takes 
place. The SMA copolymer wraps itself around the protein and associated lipids forming 
nanodiscs that are 10-15 nm in diameter. The nanodiscs formed this way provide an environment 
close to the native membranes. This explains the higher stability of proteins in SMA over 
detergents as seen in this study and in other examples [21, 41]. The supercomplex isolated with 
SMA has the same biochemical properties as with DDM as seen in UV/visible spectroscopy and 
SDS-PAGE (Figure.5.7). However when the quinone oxidase activities for the two different 
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preparations were tested, the activity of the supercomplex in SMA was almost 2.5 times higher 
than that for the supercomplex in DDM (Table 5.3).  
 The ACIII-aa3 supercomplex together consists of about 51 transmembrane helices 
(assuming there is a single copy of every protein). The largest complex that has been studied 
using the the SMA copolymer so far is the one with a trimer of the AcrB protein from 
Escherichia coli which has a total of 36 transmembrane helices. In our experiments with SMA, 
we found the prep consisted of two populations of the supercomplex that eluted as two peaks in 
the gel filtration chromatography (Figure 5.6.B). When the two fractions were collected and run 
on the gel filtration column again, each of them runs as a monodisperse peak (Figure.5.6.C and 
D). All the elution profiles show evidence for the presence of the  c hemes frm ACIII and the a 
hemes from the aa3 oxidase. In addition, when a blue Native PAGE was carried out with the 
sample it clearly shows just two bands, one close to 500 kDa and other close to 1000 kDa. The 
first band runs similar to the supercomplex in DDM and possibly just consists one copy each of 
the ACIII and the aa3. Thus, the SMA copolymer is capable of accommodating complexes with 
close to 51 transmembrane helices. While its seems that the larger band may be of nanodiscs 
with 2 sets of the supercomplex, it is also difficult to assume that the copolymer may be able to 
wrap itself around so many helices. Both sets of nanodiscs must be investigated using 
microscopy to conclusively determine their components. However, the preparations with SMA 
seem homogenous and highly suitable for structural studies. 
In conclusion, the first mesophilic version of the ACIII was isolated as part of a supercomplex 
with the aa3 oxidase. The SMA nanodiscs of the supercomplex are promising candidates for 
structural studies crucial for insight into the mechanism of these complexes.   
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Figures and Tables 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. The gene arrangement for the ACIII and the cytochrome oxidase aa3 genes in 
the F.johnsoniae genome. The genes for the subunits I and II from  aa3 oxidase are found 
immediately downstream of those for the act genes of the ACIII.  
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Figure 5.2: UV/visible spectra of the supercomplex. The spectrum of the sample oxidized with 
potassium ferricyanide is represented in dashed black line. The dithionite reduced form of the 
sample is represented in red and shows the peaks for heme c at 524nm and 552nm and those for 
heme a at 443nm and 605nm. The difference spectrum obtained from the reduced and oxidized 
spectra are shown in the inset. 
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Figure 5.3. Gel electrophoresis with the supercomplex. (A) SDS –PAGE with the 
supercomplex followed by (i) Coomassie staining and (ii) heme staining. (B) Blue native gel 
electrophoresis with the supercomplex followed by (i) Coomassie staining and (ii) staining for 
cytochrome c oxidase activity. 
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Figure 5.4. EPR spectroscopy with the supercomplex of ACIII with the aa3 oxidase from 
F.johnsoniae.(A) The EPR spectrum of the air oxidized sample showing peaks for hemes and 
the [3Fe-4S]1+ cluster from ACIII and the CuA from the aa3 oxidase. (B) The EPR spectrum after 
reducing the sample with 5mM dithionite. 
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Figure 5.5. Redox titration of the hemes in the ACIII and the aa3 oxidase. The potentiometric 
titration of (A) the c hemes from the ACIII and (B) the a hemes from the aa3 oxidase. The Em 
values are indicated and the solid red line represents the Nernst fitting.  
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Figure 5.6. Size exclusion chromatography with the ACIII-aa3 supercomplex from 
F.johnsoniae. (A) The sample isolated with DDM in the buffer. (B) The sample isolated using 
SMA. I and II are the two peaks corresponding to two populations of the supercomplex. (C) The 
fraction containing peak I. (D) The fraction containing peak II. 
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Figure 5.7. UV/visible spectroscopy with the nanodiscs of the ACIII:aa3 supercomplex. The 
supercomplex in SMA has similar properties to the one in detergent showing peaks for the heme 
c at 524nm and 552nm and those for heme a at 443nm and 605nm.  
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Figure 5.8. The properties of the ACIII-aa3 supercomplex isolated using SMA. (A) SDS-
PAGE followed by staining Coommassie blue (i) and TMBZ for hemes(ii) (B) Blue Native 
PAGE with the supercomplex showing bands corresponding to the two peaks in gel filtration 
(Fig.5.6.B) (i). The fractions after separation on gel filtration corresponding to peak I (ii) and 
peak II (iii) 
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Table 5.1. Oxygen consumption assays with the ACIII: aa3 supercomplex using different 
electron donors 
 
 
 
 
 
 
The assays were carried out at 25°C. Both the reactions were completely inhibited by the 
addition of 50µM potassium cyanide. 
 
 Table 5.2. Quinol:cytochrome c oxidoreductase assays with the ACIII: aa3 supercomplex 
using  different quinone analogs 
 
 
 
 
 
 
The assays were carried out at 25°C. The aa3 oxidase was inhibited by incubating the protein in 
100µM potassium cyanide. Horse heart cytochrome c was added at a final concentration of 
50µM to serve as an electron acceptor for the ACIII. The reaction was followed by measuring 
cytochrome c reduction at 550nm. 
 
 
Electron donor kcat (s-1 ) 
TMPD + Ascorbate 30 ± 1 
Reduced Q1 15 ± 0.52 
Electron Donor kcat (s-1) 
Reduced Vitamin K2 20 ± 0.6  
Reduced Q1 1.6 ± 0.09 
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Table 5.3. Relative quinol oxidase activities of the supercomplex isolated in DDM and in the 
SMA copolymer 
 
 
 
 
 
 
 
aThe turnover number for the sample with SMA is 40 e/sec-1. The assays were carried out at 
25°C in the presence of 100µM of reduced Q1 and were inhibited by 50µM KCN.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Solubilizing agent Turnover %  
SMA 100a 
DDM 38 
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CHAPTER 6: CONCLUSIONS 
 Bacterial respiration and its branch points have been well-studied for long. These branch 
points arise from the presence of alternative respiratory enzymes to use a variety of electron 
donors and acceptors. These enable the bacteria to grow under diverse environmental conditions. 
This thesis covers studies on two types of respiratory proteins that exist as alternatives to the 
ones in the mitochondrial respiratory chain.  
The first one is the Type II NADH dehydrogenase or the NDH-2. Chapters 2 and 3 
describe the studies on the NDH-2s expressed in the thermophile Thermus thermophilus under 
different growth conditions. The results of this study have been published (Venkatakrishnan et al. 
2013). Both the NDH-2s where isolated and attempts were made to crystallize the proteins for 
structure determination. The NrcN expressed under denitrifying conditions has been confirmed 
as a typical NDH-2 with NADH: quinone oxidoreductase activity. The NDH-2 expressed under 
aerobic conditions was isolated and its encoding gene was identified. However,  x-ray 
crystallography revealed that this protein structurally resembled a coenzyme A - disulfide 
reductase [1] . These are normally soluble, flavin containing enzymes that transfer electrons from 
NADH to coenzyme A (Co-A). The enzyme however always purified as a membrane associated 
protein and could reduce both quinone (kcat = 2 sec-1) and Co-A (kcat = 6 sec-1) . It needs to be 
further characterized before determining its physiological function. 
 Chapters 4 and 5 describe the studies on the alternative complex III (ACIII) [2] from 
Flavobacterium johnsoniae. The experiments to determine if the ACIII contributes to the proton 
motive force were carried out in the presence of spheroplasts and membrane vesicles of the 
F.johnsoniae. The results indicated that the ACIII reaction was not coupled to the generation of a  
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proton motive force. To reconfirm this in a proteoliposome environment, efforts were directed 
towards obtaining a pure form of the ACIII protein. The ACIII co-purified with the terminal aa3 
oxidase as part of a supercomplex. This supercomplex was biochemically characterized. Also, 
homogenouse population of the supercomplex was obtained in the form of nanodiscs using the 
styrene maleic acid copolymer [3].  These samples will be used for structural studies of the 
ACIII: aa3  supercomplex using cryo-electron microscopy.  
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